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PREFACE 


Photosyiitiiesis is by far the most important bioeheinnail proi'i^ss on 
earth because it alone produces organic matter from stal;)!e inorganic* 
materials and thus prevents life from becoming extinct. It Is also the 
most puzzling of all biochemical reactions^ and will probalily reiiiaiii so 
as long as all attempts to divorce it from the li\i‘ng cell prove futile. 
Although mai\y pliysiologists, chemists, and recently also plnvieists, 
attacked the problem, the progre.ss toward its solution has been slow. 
The difficulties lie in both the physiological and the |3liysical aspect s of 
photosynthesis. As a pli^vsiological phenomenon, photosAuittie.sis i.s dis- 
tinguished by a particular sensitivity to all factors which interfere with, 
the normal life processes ,iii the plant. This sensithity make.s it difSciiit 
to study the mechaiilsm of photosynthesis by breaking the cells down 
into their cytological or clie.niical constituents. From the physical point 
of view, pli.oto.syiithesis is distinguished by an extraordinarily large eon- 
suniptioii of energy, and the consequent necessit,y for a mechanism winch, 
would permit the utilization of t.he energy of several light quanta for the 
transformation of a single molecule and prevent ba(dv reactions whudi 
tend to destroy the unstable Intermediate products. Nothing similar to 
such a mechanism has tis yet been realized in photoeliemical expcudmcmts 
outside the living cell, and this makes it difficult to approa<‘h the |)rol)!eni 
of pliotosynt,hesis by the study of model systems in vitro. 

Cooperation oi pla,nt physiologists, physicists, and physical chemists 
is a prerequisite .tor tlie better understa.nding and ultimate mastery of 
these two iundamentai aspects of photosynt.hesis. It is tlie ho|.)e of the 
author that this book will enable plant p}iy.sioiogists to judge criticiaily 
the experimental results obtained by various physical methods and will 
help them appreciate the usefulness of reaction kinetics and of tlie theory 
of fluorescence and se.nsitization in the analysis of photochemical proc- 
esses in the living cell. . To the physicists and the p,hysieal chemists who 
embark on the investigation of photos 3 mthesis equipped mainly with the 
kiiowdedge^ of the recent quail titative work on iinicelliilar algae, this book 
may be of assistance in the. understanding of t,lie broad phy-siological 
background of p,hotos3mthesis and the realization of its intimate associa- 
tion with other life processes in the plant organisoi. 

During the last twenty" years, some importa,nt new avenues of ap- 
proach to the study of photosynthesis' have been opcmed. ^Mention may 
be made, for example, of oxyge,n- liberation by isolated ehloroplasts; of 
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the broader view of the chemistry of photosynthesis obtained by the 
study of bacteria; and of the discovery of the possibility of changing the 
chemical course of photosynthesis in certain algae by substituting new 
substrates for carbon dioxide and water. The use of flashing light of 
heavy hydrogen, _ and particularly of the isotopes of carbon and oxv^en 
as well as quantitative study of the fluorescence of living plants during 
photosynthesis, has revealed many new facts about the’ mechanism of 
this process. Together with rate measurements by sen.sitive physical 
methods these new experimental procedures have produced valuable 
material for comprehensive kinetic treatment. The knowledge of the 
structure of the photosynthetic apparatus has been advanced hv the 
Recovery of the ehloroplast grana and laminae; and the application of 
the electron microscope promises new progress in this field The lonw 
overdue, detailed chemical analysis of the chloroplasts has been brouo-ht 
under way; much progress can be hoped for by its further development 
assisted by a more extensive application of the methods of enzvme chem- 
istiy. Further progress of our knowledge of the role of pigments in 
photosynthesis can be expected from the study of the relationship be- 
tween their structure and photochemical behavior in vitro. An important 
developinent may have been initiated by the reconsideration of the fimc- 
phycoMhis*°*^”*^^^^* “accessory” pigments— the carotenoids and 

Photosynthesis was last treated in 1926 in the well-known monograph 

fetiles (1925), contains an extensive presentation of the older literature 

Tor? oT ft ^ the earl^ 

ork.^ .Only those of the older investigations which have proved of 

nit w K enduring influence are discussed in detail in the 

present book and there are more of them than is often thought. The 

p eenng mvestigations of Priestley, Ingen-Housz, de Saussure Sachs 

pio^nthei Th ’ “terested in 

pflotosynthesis. The papers which have appeared since 1925 have been 

ban mt moT*'' -me probably receiving more coiiSerat" 
than may prove warranted by their lasting importance. No attemnt 

' ts wtirS Photosynthesis in relation to 

systematic botany or ecology, or to discuss the organic chemistiw of ohni 

beyond ite relatlonehip to tbe meoh. Jo. of phoCn 
. : < The present treatise differs from previous books on the subject bv an 
increased emphasis on physical and physicochemical methods and the- 
ories-a consequence of the newer trends in the study of phot^the t 
as well as of the inclinations and background of the author ^ However an 
impartial reporting of the work of botanists and plant physSS ’hts 
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been attempted, although the very nature of this work often makes a 
concise statement of the results difficult if not impossible. 

The original plan envisaged the division of the book into three parts : 
the chemical mechanism of photosynthesis and chemosynthesis; the 
properties of photosynthetic pigments; and the kineticfs of photosyn- 
thesis. Publication of the treatise in two volumes, made nece.s.sarj' partly 
by its bulk and partly by exigencies of war work which cau.sed an inter- 
ruption of uncertain duration in the preparation of the manuscript, hd 
to a subdivision of the second part. The work is thus now divided into 
four parts: I, The Chemistry of Photosynthesis and Related Proees.ses; 
II, The Structure and Chemistry of the Photosynthetic Apparatus; III, 
The Spectroscopy and Fluorescence of the Pigments; and IV, The Ki- 
netics of Photosynthesis. The first two parts form the present Volume I, 
which contains predominantly chemical matter. Parts III and IV will 
be included in the second, predominantly physical, volume. Most of 
the second volume is now ready in draft form, and it is hoped that its 
publication will be possible within a year. Thanks are due to Inter- 
science Publishers, Inc., for the patience wdth which they have borne 
the expansion of the manuscript beyond its originally intended scope 
and the delays ensuing from this growth. 

My interest in photosynthesis originated in the work on the photo- 
chemical properties of chlorophyll, carried out in 1937-1938 at Uni- 
versity College, in London. In the summer of 1938, during a stay at the 
Marine Biological Laboratory at Woods Hole, with its unique library, 
where practically every biological, chemical or physical periodical in the 
world is available twenty-four hours a day, I first started collecting 
material on photosynthesis and related subjects. My intention was to 
see whether this heterogeneous material could be fitted into a unified 
picture to .serve as an incentive and guide for further experiments, but 
the work soon expanded beyond this original aim. Most of the manu- 
script was written at Woods Hole during that and three sub.sequent 
summers. My work at the Solar Energy Research Project of the Massa- 
chusetts Institute of Technology, while not concerned directly with 
photosynthesis, helped to keep alive an interest in the subject, since, in 
experimenting on the conversion of light energy into chemical energy, 
one cannot but turn continuously to plants and wonder how Nature has 
achieved a result which has not yet been approached in the laboratory. 
This work could not have been completed without the understanding 
help of the Solar Energy Project Committee, which not only made 
possible use of part of my time for the completion of the manuscript, 
but also provided a grant toward the expenses of its technical preparation. 
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C'hapteb 1 


PHOTOSYNTHESIS AND ITS ROLE IN NATURE 

A, OuGAyic AIatter and Life Energy 

The eh(-‘iriif*al rr^aG ions which (a:mstityte the Tnatc‘rial aspef*! (h‘ lilV 
all take place on a precariou.sly high level of potential ehcanieal caierg\v. 
Like acrobats |,)erforniiiig their complicated exf‘rci.<c’s high aho\ac tin* 
circus crowd, the moka'ides of proteins, ear bohyd rates, fats, \itanuns, 
enzymes, and other constituents of the living organisms eonil>iue, ex- 
change, or dissociate in tht‘ midst of an ocean of (exygea whieh {aintinu- 
oiisly threatens them with breakdown and extinction. OxyaTai atoms, 
reluetantiy united in diatomic inohauiles, are ever rcaidy to break away 
from each «)th(‘r and to .M‘c*k stahility in the union wilfi carbom h^alrugon. 
phosphorus, iron or the otlua’ (‘hauents contained in organit* inaltfU'. The 
inorganic weald has hmg sinc<‘ sucaaiinbed to a similar attack -so c-oin- 
pletely that now an averagt‘ atom in the eartli's crust is la*ld in the grip 
of two at<nns (h’ oxygen. .Li\’ing matter, however, has (‘sea|)ed tln^ same 
fate by its lonuirkalile ca|)acit>’ fur r(^generation. Every day, almost a 
billion tons of organic eomptmnds are destroyed by oxidation, tinally to 
pavSS into the air as earlnm dioxi<le. or to return as wataa* to thc‘ univm'sal 
moisture winch surrounds ami ptaaaeates all living things on the earth. 
At this rati‘ of ch‘strut*tion, all iwganie niatter now prosimt on tijis globe, 
will be eoasuined in thc^ next ttm or rwent.v years; but (hming the same 
period, an equal quantity of organic matter will be cr<*ated, i, / oxy'-gcuii 
will be expelled from its stable union with carbon and hydrogen, and the 
liberated atoms knitted together into the intricate patterns ^vhich sptdl 
the secrets of organic gro\Mh, propagation, heredity, staisitivity, and 
mobility — all the properties wliich distinguisli living organisms from 
inanimate ol^jects of tln^ mineral world. 

Oxidation is, however, md* merel.v a calamity, ptwinamatll^v threatcai- 
ing all living mattiT; it is ttlso tlu^ prime mover of lite. Lib* thrivis^ on 
death, .not only hecaust‘ the material for organic* synthesis conus from t!it‘ 
decay of living matter (if oxidation should cease*, there* woukl be no need 
for this synth(*sis), but also, because oxidation is the? main source* of the* 
energy of life. Every movement of the animal body, evc»ry clictmical 
activity of the digestive* system, eveiy flash, of thought in tlu* faxiin, 
consumes energy, and the main source of this energy is respiration, /. c., 
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slow' combustion of sugars or other organic coinpoiauis. A ccitaiu part 
ot the chemical energy contained in organic mattc'r, is thus utilized I'm- 
the maintenance and manifestation of life, while the larger residu,. is i„sf 
m the decay of dead bodies, fallen leaves, and excretions. Sooner or lafia 
all living matter reverts into carbon dioxide, water and nitrogen, ami ail 
the energy which it once contained becomes converted into heat Onh- 
a small fraction of organic matter and of its energy escapes rapid dissii).,'- 
tion, and is preserved for millions of years, in the half-decomposed i\Jms 
ol coal, peat or mineral oil, under a protectii'c layer of silt and rock. 

le continuous renewal of life on earth requires that its clamiie-il 
elements, scattered by the decomposition of organic matter, be bromdit 
back into combination; and that the energy which was cou\-erted into 
heat be replaced. The regeneration of organic mal/cr can occui- hv a cvclic 
process-the same carbon dio.xide, water and nitrogen which were liber- 
ated by organic decay, can be used again for synthesis. The liberated 
energi/, however, is lost beyond recoverjx Living organisms, no less than 
inanimate nature, are subject to the laivs of thermodmiamics Tln'se 
laws decree that once the energy liberated by o.xidation has be<ai dis.i 
pated in the vastness of the atmosphere and hydrospheriy it has become 
practically unavailable for the reverse conversion into chemical e ne r ^ 
rhus the energy required for organic synthesis must Aonn* from an Tx' 
ternal source--and the only external energy which cuniinuoush- rea.-he- 
the suiface of the earth is sunlight. No thermo, hnamie ivstrictions 
stand in the way of a complete conversion of light into ..hemi'a l e ' te 
or mechanic^al energy; but it require.s a mechanism abl,> io intcaw.me in 
mediately after the light strikes the absorbing surface, and to priwent the 
eneigy of this impact from being converted into heat. Alan has not vet 
solved this engineering problem; but he would not be here if o, he 
ganisms had not solved it lor him long ago. These onrani ni > .t 
graen pla.^ (a,ee„, „ „»ed here, 

ei&dt 

ie, beyond donU, the .oet tade^entTo,' aS btSc:! 

o,“Z:Won 

use the technical term) and thev i f ^ to 

trophic., pianta wA' ^ 

cheraical energy, while other organiarae dieeip.te'it .•“'■■""l.de 

, Of course, organic synthesis of one kind or anothn.. , 

. , organisms; but the green planta alone start from “ Ar’lir'!, ''' 

P ante and ammale use presynthesiaed materials, which they teanrfmm 
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ill tliousaiuls of ways. Some* of these !ea«i !o roiapouiHK' 

wlicse cRH‘rgy is liiglHs* than I hat of the cairbohydrateH siif^plietl hy |}t«* 
plants — for exainiilcN wlien mir bodies convert- sugars iiitc) fals, iiiiforfii- 
iiately for soiiic^ of its. Howevin*, this aeeunmlation of cluanicail laiergy 
can bc^ tu'liievetl only al llic* cost of clegradation of anothta* (fuanlity of a 
vegotal)ko‘<ul)strat(*. For example, in thcvaJcoholie ferineiitalion of starclu 
one part of this {‘aiFoliycirate is promoted^' to energy-rich alcolnF wliili* 
another part is ‘bh'grafh'Mr’ 1o carbon dioxitle. 

Differences in (nica*gy content, of organic compounds are small com- 
pared with. thr‘ gap \vhi(*h se|')arates tlie organic world from tli(‘ stable' 
inorganic compounds. In the reduction of carbon dioxide^ to carbo- 
hydrates, the miergy (‘ont(‘nt incr(‘as(^s by about 112 k(ail |jm- gram atom 
of carbon. In the iransionnatitm of carbohydrates into fats, wliicli aiv 
richer in energy than all other common const it iieiits of animal iKidies, tiH- 
additional gain in cheniicail <mmgy is only 30 keal per gram atom of cait>on. 

To comply with the prc‘C(‘pts of thermodynamics. wf‘ should luive 
spoken above, not ol tin* /o/u/ (uiergy (or ‘iieat content of organic* 
matter, but of its /rre energy, binauisc^ free (unugy for ‘‘’working capac*ity'') 
is what organisms need to give them a h^ase (h* liha Xatur<‘ fa\’ors 
disorder— it nnaiiis gianUin* \ain(‘ty, and therefore guaaler probability, 
that is, higfnu' emtropy. Photosynthesis not only (‘onviuls a state* of 
lower energy into a state.* ol high(*r (‘nergy; it also eonveais a nion* dis- 
orderl,v and thei’etore more* pr{>l)able state, in whi(*ii the small mol<‘Cules 
of carbon dioxide and waJea* an* allowed to tumble fr(*(*ly in the rarilied 
gas or liquid, int(> a deaiser, more* ()rd(*rly, and th{‘n‘for(* l<‘ss probahk* state 
of large oiganie* moh‘cu]<*s. In other words, it leads to n d(‘c*r(*ase in 
entiop\ , and since* the* eFange* in tre*e eneigy (AF), is e.‘(|ual to tin* (diauge* 
in total energy (A//) It'ss a t<‘rm |)roportional to tlie iiu'reuast* in c'nti'opy, 
(TA&), the tree en{*rg\^ ol photosyntliesis is en’en larger than its teital 
energy. (For quantitative data, see Table 3.V, page 49.) 

Chemical reactions which are associated with an ineremse in lutal i^nvnjij 
(AH > 0) are called cndother)nal (because they consume h(‘at, if carried 
out at a constant temperature). For reactions whi(*h o(*(*ur with an 
increase in free energy [ AF > 0), the term emkrgoiiic lias hc*t‘n suggestial. 
rhe total energy (or ‘dieat effect' ') is a charact(*ristic constant of a. 
chemical leaction (at a gi\'en temperature) ; while the free* t*nergy dep(*nds 
on the coucentrati(>iis of flu* reaction components and r(*artion iirodmUs. 
Pholosyiithesis is a strongly (‘ndothermal, and (witli tin* tisuai conc(*n- 
tiations of carbon dioxide* and oxygen), an even rmire st ronglv (*nd(‘rgoni(* 
process. - ■ , * ■ . 

Gertain bacteria can liv(‘ autotrophically, without (uirrying out true 
photosynthesis.^ Some of tliem synthesize organic matt(*r*, in tin* chirk, 
vith the help of the f ree energy of unstable organic oi* inorganic* ch(*rni(a‘il 
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systems; these are called “chemo-aul-otropiiic” haclcria. Others so 
called purple bacteria, use light for the syntliesis of .trgauic mat (er froln 
carbon dioxide and organic or inorganic hyiirogen donors, for ex-uunle 
hydrogen sulfide or fatty acids. In this i,u-ialion of phoiosvnih,' si^ 
(called photoreduetion ” by Gafifron, cf. page 1 29) . ligl, t en.agv is ut ili^ed 
mainly for temporary activation and not for i>enuaneni eom'v-r.svVm into 
chemical energy. The energy of the organic matter produced bv puroli* 
bacteria is only to a small part converted light (mergy; most, if not all 
of it is chemical energ;;^ transferred from one unstable chemical sv' 
tern to another. The existence of these bacteria is possiiile only Imcausc 
the crust ot the earth has not yet .settled into a complete' <-lien‘iicaI 
equilibrium, and spots of lugh chemical potential can still ht‘ found heiv 
and there (particularly in volcanic regions). Concrivuhlv. the.s(‘ peculiar 
modes of autotrophic life (we will speak more of them in Chapter 5) mav 
have plasmd a greater role in earlier geological agc>.s, when tlie elumiieal 
activity on the surface of the earth wa.s more wide.spread and violent 
They are consequently of considerable interest in speculations as to the 
origin and development of life on this planet. In the cuntemporarv cvri 
0 the hvmg matter on earth, tho,se proc<>s.scs are of no eo«.s<aiuen<.e 
Photosjmthesis by green p alone prevents tlu> rapid disappearane,'. 
of all life from the face of the earth. ^ 

We cannot definitely assert that photo, synthesis tak<‘s exactly the same 

cou«e and lea* to the »mo primaty p,,„|„e. i„ all oep™ . 
owly dtatoms to the highly 

ariucture and compo.sition of the photossynt hid ie organs of <iiffeivnt sraa-i.^s 
(desenbed m Chapters 14 and 15) mate .ninot varialiotj 1. 
m.sm of photosynthesis probable. However the miiv.s' . . . p 
chlorophyll m all photosynthe.sizing plants and tlu* siniihirities^Kd ween 

governing photosyntluxsis in unicellular ahmo 
{^ g., Chlordla), and in higher land plants {e.y., wheat) {cf \'ol 'll 
Chapters 27 and 28) indicate that the genLi eharai-teriilc ’ t! ’ 
process must he the same throughout the plant worid ' ' 

Alter the completion of photosynthesis the nhmfQ enri ^ i i • 
to aminate, halogenato, polymeie, or d "S "S 

first p-oducts of photosynthesis, thus producing fate nretSn a 

proteids, pigments, enzymes, vitamins, cellulose and other strueriirarmr 
tenals. In due time, before or after the death of '"’/'“ tu al ma- 

compounds will be oxidized and decomposed Thi ■ *^‘ose 

by many different paths. Only one o ^m . /"^^"‘."“^bos.tmn goc. 
the respiratorysystom, appear/aaTd.l, 1;™ " 

even m this case, it is doubtful whether the an-di v ! ? T 

overall result (c/. Chapter 9, sectiou 4). The resem i) rfl ) Ti i 
s.ugle chanuel, through wh.oh matte.- is .mmper;; 
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sea of th<' Ktal.)l(‘ iiiorj^anie world, to the liigh plateau of f)rgiu»ic life; if, 
finds its way baek in hundreds of streams or meandering riviilei"', which 
set into rotation, as they hurry rlown towards the .sea, ihoiisamls of liffle 
wheels of life. 

B. The Total Yield of Photosyxthe.si.s o.\ ICarth * 

To acquire an ade(iua(e notion of the importauee of ])ho1osyiithesis 
in the clnunical huu.sehold of the earth, it is intere, sting to (‘stiniatfs th(; 
total turnov(>r of m.-itter and energy involved in this proe<‘ss. Tliis (tan 
be done, of coursf', only A’ery approximately. 

The total yi(dd of photosynthesis on earth was first (A'ahiated hy 
Liebig in hi.s i'amous Irook, Chemistry in its Applicatinn tn Agrirulture mut 
Physiology, who.se first edition airpcxired in 1840. He estimal(‘d that, if 
all the land were a single mead(.»w with a yearly crop of mef.rie tons 
(1 ton = 10' g.) per hectare (JO' .'-■(j. moter.s), all carhonie acid in th(> air 
would be u.sed up in from 21 to 22 ycairs. Considering the carhon dioxid(‘ 
content of the air (</. Talde I. IV), thi.s statement is e<iiiivalent to the 
assertion that the plants utilize lO'i ton.s of carhon dio.vide and produce 
3 X 10“ ton.s of orgiinic carhun unmtally. .Vrrheniiis (HlOS) and <.ha- 
mician (1913) made similar ealeulatioiis, Init assumed .'ui average crojr of 
only 2.5 tons pei- heetare of land, ('lliey ga\-e Lieihg’s authority for this 
figure; hut a(‘eording to Hehroeder 1019, this was a misquotation). They 
thus obtained a ye.arly yield of only 1.8 X 10“ ions of organic carhon. ' 

Ebermayer (ISSoi suhslituted a more r'lal)(»ral(‘ picture for Liebig’s 
simplified assumption of “all land a .single meadow.” He distinguislnsl 
between wooihal aia-as. eultivated fields, stepix's and Irarnm lands, .and 
added to the crop the roots and slubldes rmnaining in Ihe fields. In this 
way, he arriv(xl at a figure of 2.4 X 10“ tons of organic carbon for the 
annual production ol organic matter by the plaiit.s. 

Then(}xt attempt, on the basis of improved .statistical data, was made 
by Schroeder (1919) ; the results are condensed in table l.I. tschroeder’s 
total of 1.63 X 10“ tons of carbon for the whole surface of the land, 
corresponds to an average' ol 1.1 tons per hectare. Assuming that 15^} 
of the organic matteu’ .'synthesized by the plants is used tip hy their own 
respiration, this total can be revised upward to 1.9 X 10'“ tons of carbon 
per annum. 

In this (‘stimate, the production of organic matter in Ihe oci'aii.s was 
altogetlu'r negh'cfed. Schroedi'r made an e.stimale for tlie benthos, i. c., 
the ground-atttiched algal vegt'tation of the contiiu'ntjil h'dgt', and found 
its contrdmtion lu'gligible compared to that of the htnd plants. As to 
the iree-swiinming plankton, he saw no way of estimating it.s yield but 

* Bibliography, page 11. 
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Tablb l.I 

Carbon Fixation by Land Plants (ai-tkh Soifiii 


Plant habitat 


Woods 

Farmland 

Steppes 

Deserts 


Total: 


Area, 

millions of sq. km. 


44 

27 

31 

47 


149 


liatf* of <‘niiM»!! 
million!? of tons inn niin'ini 


EstimaO^d 


from 


9000 

3500 

500 

100 


lo 

13000 

‘1500 

2200 

500 


Pinbnltb; nicju-. 


I 1000 
■1000 
noil 
200 


13100 


20200 


10300 


suspected that it too, is relatively small. Later (1919-), he eunc-eded 
that the carbon fixation by the plankton may as much as double f he yield 
calculated for the land plants alone, thus bringing the annual rate of 
carbon fixation by all plants to 3.8 X 10“ tons. 

It seems that Schroeder’s'plankton correction still wa.s much too small. 
Recent experiments make it probable that the ocanms account for much 
more than one-half the total organic synthesis on earth. Table 1.11, 

Table l.II 


Location 

Carbon per 
annum per 
sq. m., g. 

Method 

j Ib'ferenre 

Long Island Sound 

W. Atlantic 23°“38° N. 
W. Atlantic 38°~41°N. 
Dry Tortugas 

W. Atlantic 3°--13°N. 
English Channel 

Barents Sea 

Average: 

600-1000' 

530 

320 I 
60-430 
278 
60-98 

170-330 

375 

Gross production 
and oxygen liber- 
ation in experi- 
mental bottles 
[Og] deficit 

Changes in CCO 2 ], [ 0 * 2 ], 
[P] and [N], 
Consumption of 
phosphorus 

Riley (1938, 1939, 1941) 

Sei well (1935) 

Cooper (1933) 

Krep.s anil Verbiruskava 
9932) 


compiled by Riley (1941) shows that the production of organic, matter bv 
the plankton does not change much from the Kquator to the Polar ( -irch'- 
and that the a\mrage of all measurements is as high a.s 375 g. of organi(’ 

rthir^eld to 3.75 tons per hectari*. 

It this yield of organic carbon is taken as representative of all oceans 
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miilt-ipiioli l>y liirir urm X 10 * sq. km.) aiiri foriTelrfl for 15 *^ 7 ; 
iTspinilioii lossf's. tlio iT*>inli is 15.5 X ' 10 ^^^ tons. cHMOgtil fiinos lin* yiold 
of rarlHUi fixnlioii on land as aaleuiiitwi by Hi*hri»‘dor! Iavoii a diHiiif*tbi!i 
of 10 or 2 tb’ / for tho Polar Spit ami gormrally lass foiiiio wators, would 
iiof. (duiiigo dii> rosiill >iix!iififTiTrt!y. Thus, tlio most pudmliio vabir* of 
rati* of oarboii fixation on eartli is lo --20 X Ions ariiiiiiiliy. witli 
■at itATst foiir-tifllis uuid iHidiayrs id" this aitioiiiii oonl lihiiliHl 

by flip oroans. 

. Table iJII 

C \iiiiox t'lxwiinx Bv f.Axn AM^ Sea IR.AXT.- 



‘ /irs'i!. 

raillirjiw 
i»f ><'|. km- 

Avr-rM^e f'^trhon i 

fixrtlifm |:»r ; 

fn^rtarr* |:w<r 
i year, trim 

Toial «*!trln»si 
}«'r 

5'r'ar. 

Oi'eans ' 

mi 

3.7T , 

lo.A X If9« 

Laiel 

149 

1.3 ■ ^ 

1.9 X 


It is ill tores! i rig to eornpare t'liis rale of earlion f ra.rtsfiirii:ialioii by l.lir* 
plants wit'll tin:' tolTiI r|iia,titity of farl:M>n livailaTde oil earlii, labic* 1/0'" 

Table I. IV 

(‘aiuiox Hlsfjo or iio' Hahiii 

'rc}t«l atwniiit 

«'f I'.iOh "fi rarlH'iii, IritiH 

LitlBKphfriMo.nr! hV rni>f lli kiiL <l*pp| 2-x X IIP* 

H.Vfirosplieri* loni sBasI X IIP"'* 

TroposplifO^ - air up in II k?iL lii?ig}i!) II X HP* 


lists some geoehemieal data (f/., for example, \"eriuidsky IfldCI). The 
large amount, of earbon in the earbonate roi*ks is almost iiiiavailaide to 
the plants, 'rhis larg«‘ n‘servoir of dissolved (airbonates anti Idearboiiates^ 
on thc^ cdlim* haint is fully a\'ailable to oc|uatie plants, and stands in a 
eoniinuons twadiarige with the gaseous rarbon tiioxide in thc‘ atinosphrnw 
thus iielpiiig to maintain ihe eoneentnition of die latter on a c*unstaiit 
level, and roiitribiiling indireetly to ihe food supply of land plants. Ar- 
cording to the figun‘s gi^am in Table LlII, tin* land plants assimilate a 
(|naiitity of earbfm ec|iii\-alent to tdie totai amoimt of earbon dioxiile in 
llic* ail* abio’e fbe lantf ineius, in less thiin ten yeaix. An appnwdmate 
(‘oidirimitioii of tlfm esiimaie was provided by (Inf i HUiSn who measured 
ilu* c*arboii tlioxide eoinaml rat ion of the air at dilTereiit lieigdils above* a 
pine forest ami eahailated that eaeh day the* trees eoiisumc* all earlxai 
dioxide from an air eohiinn oO .meters high, Sinee tfu* atmospluo'e eorre* 
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sponds to an air layer approximately 8'X KF imdens t}iic*k {ii!id<‘r stand- 
ard conditions), Gut^s calculations’ indicate a yearly coiisiiiiipt ion of a,hoiit 
22% of all carbon dioxide in -the air column above' the forc’st. 

However, the rapid exchange of carbon dioxide bel veeii af■nl«l^pliere 
and' hydrosphere makes the separate comparison of the c*arboii utilize lion 
by land plants with the amount of atmospheric carbon dioxi(lc\ and of t!ie 
carbon utilization by sea plants with the quantity of dissolved carboiia,tf‘s 
irrelevant. Instead, we have to compare the total cai*i)oii fixation by all 
plants, on land and in the sea, with the total (airbfm reser\-e available in 
both the troposphere and the h 3 "drosphere. The plants assimiiate a 
quantity of carbon equal to this reserve in 300 or 400 years. To maintain 
the cycle, an equivalent quantity of carbon dioxide must !)e lilKa’aled 
during the same period by respiration, and by tlie decay tif v(‘gelable 
and animal matter. 


Vernadsky (1930) estimated the weight of the ‘4)iosphere on eartii as 
postulated its renewal ‘‘several times a year.^' In other words, he assumed that an 
average carbon atom remains in organic combination for cniiy a few inontli.s. These as- 
sumptions call for a rate of photosynthesis of the order of at least and more* |>rolm!>Iy 
lO^Hons of organic carbon per year (i. e„ from 60 to 600 times more tJian was allowed 
above) and for the consumption, each year, of the whole amount of wirbori available in 
the air and in the water of the oceans. In another plac^e, Vernadsky speaks of the living 
organisms transforming in a single year “more than the total (luaidity of viirhim mt the 
earth.” Even if he means only the carbon content of the air ami w'titw, tfiis esTinmte 
appears much too high, if compared with the better supported figures of 1 Jebig. Hfdiroeder, 
and Riley. To make his figures plausible, Vernadsky criticizes the values of Licfifig for 
average crops because of the neglect of roots and stubbles, and points emt that scmic^ 
plants can produce crops far in excess of these averages, fie (|utdes, for example, 56 
tons of dry organic matter per hectare (not including wood ami leaves) harve^sted fi-om 
a banana plantation; 250 tons fresh tubers which ManiJwt utilmima Pohl (*act pro<iuc‘e 
per hectare, as well as other types of plants which can yield as mucdi as 50 or 60 terns 
of organic carbon per hectare annually. 

Table l.III shows, however, that unless Vernadsky is willing to postulate that the 
average annual plankton production in the sea is not 3.75 tons, as estimated !>y Riley, 
but 30 or 50 tons of carbon per hectare, his assumption of a yearly fixation of 10^'^ tons 
carbon is impossible. 

Our estimates of the rate of carbon fixation on earth can be elieeked 
by calculations of an entirely different and not less intercssting type-- - 
based on the amount of available sun energy and its avcu‘ag(‘ utilization 
m photosynthesis. The energy of the sun radiation ivacdting nppvr 
boundaries of the atmosphere is 1.25 X cal. per aniiuin, and only 
about 40% of this energy penetrates to the surface of tiie earth, rest- 
being scattered and absorbed by the clouds and liy the atmospluau. Of 
the 5 X 10^' cal. which reach the eartlTs surface, k)% are in the form of 
infrared and extreme red radiations, which are not used in pilot osvnt!l(^sis, 

and at least 20% are absorbed by rocks, sand and ploughed fields, or 


i 


. TOTAL AIELB OF PHOTOSYHTHISIS OK EAKTfl 

n^Hc^rtinl !)y Ivv fsiiil ^^mm\ m that not much more tlutri 2 X hF“^ cal. aoi 
he a!!o«‘a!e«i to pliiit-covcTed land and planktondillecl sea. Of this 
amoiiiit. lit haist 10^'^ an* lost, liy reflection on water surf acf.\ arai further 
lessees iriusi of'cair through the absorption of visil)le light by water (r/. 
\h)L Ib riiapter 22) ami dissoIv<*<l ions. CJii land, loo, 10 or 20^7 
nulialioii whicdi falls on plant -eoverial areas is lost hy diffuse refieetiorn 
(Woods and forests are inor(‘ (dfident liglit traps than rnea.do\vs anci fic^ldsJ, 
aiiii thirn^fore appear as dark spots on aerial maps.) 

Altogether, m>l more than 1.5 X eal. are al}sorI>e(I aniiiuilly hy 
the plaiil pigments, ami can thus be utilised in phedosynthesis. It will 
be shown in volume li, chapter 28 that, under natural cemditions, the 
energy (‘oiuau'simi yic‘ld of green plants is of the order of 2 ^/l. This 
brings us to the figure 3 X 10“^' cal. for the probable annual energy 
aecinnulatioii hy photosynthe.sis, corresponding to the formation of 
3 X 10^^ tons of organic carbon. (The heat of combustion of €)rganic 
matter is approximately 10^*- cal. per ton of carbon contaiiK‘d in. it.) This 
agrcT's with tlie \'alue derived above from crop e.stimates, and confirms 
the uttfu" impfrs.sil>i!ity of the mucii larger figures of \TriiadskAL 

The reduction (d carbon dioxide by green }>Iants is tlu» largest single 
cluuniciil procc'ss earth. To make clearer what a yi(‘hi of HI” tons per 
year means, we may compare it with the total output of tlic^ chemicad, 
metallurgical aiiil mining industries on earth, whicii, is of tlie order of 
10-' tons annually. XimUy peu' ecmt of this output is ca)al aiid «)il L e., 
pnalucts diH* to pholosyiUh<‘sis in tmrlier ag(‘s, Simila-rly impressive is 
the {‘omparison of tlu* rnergi/ stored anruially hy tlu^ plants, with the 
eiKU’gy available from oth(‘r sources. The (UKU'gy eonvericMl lyv photo- 
synthesis is about (UK* hundred times larger than tin' luuit of eomhustion 
of all tlte coal mined on (uirth in the same pc'riod, and ion thousand times 
larger tluin tlu' cuuu’gy of falling water utiliztsi in th(‘ whoh* world. On 
the other hand, about threu' hundred times more solar (mergy is spent on 
the evaporation of water from the oceans and contimaiTs than is utilized 
in pliotos>uithesis. Plants alone spend, according to the estimates of 
Scliroe<ler ( 19HT). b) X HP” cal. annually on transpiration, or more than 
ten tiiiK's more than <.)n ]>hotosynthesis. Since aquatic plants have no 
need for t ranspiration, all this energy is used up by land plants. The 
ratio f>r trans|)iration emugy to the energy of |)hot(>synthesis is, for land 
plants, of tin' or(k*r 5(1 or 100 to 1. 

The carbon dioxide* cy<*le in nature is of gnnit importaiua* for tlu' 
climate of the (*nrth; ovon small changes in its photostatiomuT state*, 
whi(*h fwohahly liav(* o(*curr(‘d in tlie history of the earth, must hav(‘ had 
far-r(*a(*liing <*(mse{pi{UK‘(\s. It is probable, for example, that in tlie pre- 
glacial ag(*, tlu* ca!*l,)on dioxide concentration in the air was liigluu- tlian 
now, and the climate warmer (because carbon dioxide pr(*vents the escape 
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of infrared radiation from the earth)* PhotoHyiithesis was tilicn’C‘f4H*e iiiorr‘ 
intense than now, and 'the cover of vegetation dcmscn*. The reiiniva! of 
carbon dioxide by the mineralization of coal and oil, the* foriiinlion of 
carbonate rocks and the increase in the concentration of alkaline earth 
ions in the oceans, have caused a decrease m |.)liotosyiitlH‘sis ami drop in 
temperature, and thus contributed to the advent of lh(‘ glmaal pcaiod. 

.We' cannot dwell here much longer on tln^ rok* of photosyiitlii*sis in 
the evolution of the earth and its influence on the geoelieinical distrihiit ion 
of the elements. It must be mentioned, howevea-, that^ in a(kii!i«iii to tin* 
carbon dioxide cycle, photosynthesis gives rise also to a natiira.1 cyeli iff 
oxygen. The atmosphere contains approximately 2.8 X toii.^ of this 
element. If the living organisms consume annually tin* eqiiivakmt of 
15 X 10,^° tons of, carbon dioxide, i. e., 12 X 10^^^ tons of oxygen, they must 
renew’” all the oxygen in the air in a little over tw’o thousand y<*ars, and 
decompose all the w-ater in the oceans in about tw'o million years. Tliis 
is still a short period compared with the age of life on earth; we cam thus 
conclude that all oxygen now present on the .surfac*e of tin* eaiiip as HnO 
or O 2 , has repeatedly passed, in previous geological ages, from the atmos- 
phere through the biosphere into the hydrosphere and baek. 

Since this cycle is composed of a photochemical forward reaction and a iionphoto- 
chemical back reaction, it does not lead to a thermodyiiainic equilibrium, hut. rather to 
a steady “photostationary state.” This fact may he of im})ortaiicc‘ for the 
of oxygen isotopes between air and water. It has revealed by tlie meaHureiueat s of 
Dole (1936), Greene and Voskiiyl (1936) and others, tfiat the oxygeii in the air is about 
7.5 X 10“® atomic weight units heavier than oxygen in tlie watej- of tfje oceans. If air 
and water were in a thermodynamic isotopic equilibrium at the aveunge Uonperattirt^ 
prevailing at sea level, the difference should be three times smaller. Among sevm'al 
attempts to explain this discrepancy, Greene and Voskuyl suggested tliat phot,t»synthesis 
may play a part in it. They pointed out that, if j>lant.s convert oxygen frfjin carbon 
dioxide (two 0 atoms) and water (one O atom) into free oxygen without (liscaimination 
between 0^® and 0^®, the oxygen produced in this way must be 1 X 10“^ atomic weight 
units heavier than oxygen in water (because the heavy isotope is more ahundamt in 
carbon dioxide than in water). However, this explanation presumes that oxygen in the 
air is the product of a single photosynthesis, whereas we have seen alxive that it 
must have undergone repeated back and forth transfers. Furtlicrmore, it has been 
long suspected, and recently confirmed by experiments with radioa(*ti\'e tratau's. 
page 55), that all oxygen produced in photosynthesis comes from water. Tims, the* 
hypothesis of Greene and Voskuyl is untenable. However, pluktosynthesis may hav(‘ 
influenced the oxygen isotope distribution between air and water in a dilTei^mi way. 
It was suggested above that this distribution corresponds to a. p}ioU>f<taiio}htnj sh!(\ a. rid 
not to a thermodynamic equilibrium. If oxygen is ])i-odii(*ed in<l!s<Timinately from 
H 2 O 18 and H 2 O 1 S in photosynthesis (as seems to be indicated })y the r(‘sults of \dnogradov 
and Teis 1941) but the heavy isotope reacts slower in the th(‘rma,I ba(*k reaction, this 
must bring about an accumulation of the heavy isrjtopc in the atmosjiheam and may 
thus account for the higher density of atmospheric oxygen. 
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Chapter 2 


THE DISCOVERY OF PHOTOSYNTHESIS 

L Precursor: Stephen Hales 

Stephen Hales (1677-1761), the minister-riaturalist 
England, an illustrious contemporary of Newton, made iiuinerons ex- 
periments on the evolution and absorption of gaseJTiy l!T!fcu*€nit sul)- 
stalices^W^a^^ or vegetable origin, and d('eid(‘d thereupon that air 
must be an important constituent of all organic matter. (He meant by 
this, that air, one of the four original elements of Aristotle, must bc^ tuided 
to the list of alchemistic ‘^first principles'^- — mercury, oil salt, sulfur — 
which were supposed at that time to contribute^ to thc^ composition of all 
material bodies.) Discussing further, in his Vegetable Statieks ( 1727), tire 
importance of leaves for plants, Hales wrote: “Plants very probably draw 
through their leaves some part of their nourishmemt from the air/’ ami 
he added, “may not light also, by freely entering surfaces of I'a^'es and 
flowers, contribute much to ennobling the principles of Vegetal>l(‘s?’‘ 

2. The Background: The Birth of Pneumochemistry 

No further elaboration of Hales^ vision was possible until tlie (‘xistcmcc^ 
and nature of different kinds of “air” became known through thc^ work 
of the great “pneumochemists” of the second half of the eighteeiitli 
century. Black discovered “fixed air” (that is, carbon dioxide) in 1754; 
Scheele prepared chlorine in 1774, and found in 1773 that atmosplieric 
air is composed of two gases, one inert and the other capable of main- 
taining combustion. (This observation was not made public until 1777, 
thus depriving Scheele of the priority in the discovery of oxygen.) In 
1775, Priestley obtained ^Mephlogisticated air” (that is, oxygen) from 
mercurous oxide; ffid later the same author deserfbed nitTous oxide, sulfur 
dioxide, hydrop-hloric acid gas, and carbon monoxide. ^‘Inflanimahk^ 
air” (that is, hydrogen, although, for a while, methaiui wjis oft<‘n (*on- 
fused with it) was discovered by Cavendish in lim; in 1784, the samc^ 
author proved that water is a compound of hydrogen and oxygcui. Be- 
tween 1772 and 1782, Lavoisier discovered the composition of the air 
and propounded the new doctrine of oxidation and respiration, interpret- 
ing these processes as combinations of different substrates with oxygen, 

* Bibliography, page 27. 
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and this cnuccpt nipidly disphimi the old phl<>gi,sl«»n theory of Slulil. 
Ill 17 S 1 Lavoisii'i* .showed that “fixed air“ i.« a compound of carlton and 
oxygf'ii. -Such was the hackgrotind of rapid proKi-c.s.s in the chemistry of 
gases In'twccii !7">() and I77o, wiiicli made the discovery <tf jiiioto.syntlu'.sis 
possililc. yes, almost iiievituhle. 

Of t hree im*n wliosi- imim's are as.soeiatcd wit h thi.s discovery, I’ricst Icy. 
Iiigcn-Hoiisz and Senehii.r, two were clerics, like Hales, and one a physi- 
cian; all wen: typical aiiialeiir naturalists of the .Vjii* of HniighteniiH'nt . 
There their .similarity eniicd; for it would he difficult to find men mor«* 
unlike each other than the militant nonconformist mini.ster, Joseph 
Priestley, the pompous, hrilliant. court physician. .Inn Ingen-IIousz. who 
was ciiually at home in .\mslerdam, London, Paris and Vicuna, and Jean 
Senebicr, a jilodding, provincial pastor from the pious and savant town 
of CTcnex-a, 

3. The Purification of Air by Plants: Priestley 

Jo,seph Pric.stlcy (1733-1804) was undoubtedly the gn*ate.st scientist 
of the three, although he considered science the least important of hi.s 
many oceuimtions. Hi.s foremo.st intere.st was in theology and philrrso- 



Fig. 1."— jcMeph Pri«^tley. 


ph}^; his ardent iioiKHjnformisHit brought him, into perpetual eonllic^t with 
authorities and into disrepute as a sympathizer with tlic^ Fixuieh R<na>lu~ 
tion. In the stormy days of 1791, his house in Birmingham was sacked by 
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DISCOVERY OP PHpTOSYNTHMS 

the mob, whereupon the French Republic much' liiiii nii h(»itor:iry citizen, 
and offered him refuge in France; however, hi' prefiUTcd to exiUt himself 
to America, where he spent the last ten years of Ids life in the little town 
of Northumberland, Pennsylvania. ■ 

Throughout his life, Priestley enjo3^ed iilaying about with gases; Iii.- 
writings reveal him as o^e of the most skillful uml smrcc'ssfui experi- 
mentalists of all times; but his powers of logic* and analysis were reserved 
for philosophy and theology, and in the presentation of his exiieriments 
he stuck to the old phlogiston theoiy— long after the ni-w eoneeiits of 
Lavoisier had found general acceptance. Thus, the with* implications of 
Priestley’s greatest discoverj'— o.xygen — escaped him; and he was e\-en 
less aware of the general import of his experiments with green jilants, and 
quite willing to leave their exploitation to others. I'he following (piota- 
tions (1772) show the extent of his contrilnition to the discovery of 
photosynthesis: 

I have been so happy as by accident to hit u|x>ii a inethoil of air wliich has 

been injured by the burning of candles and to have discovered at least one of the restor- 
atives which Nature employs for this purpose. It is rfgetatioN. Chie migfu have 
imagined that since common air is necessary to vegetable as well as to animal life, hotfi 
plants and animals had affected it in the same manner; and 1 own that I hatl that 
expectation when I first put a sprig of mint into a glass jar standing inverted in a ves.std 
of water; but when it had continued growing there for some nKinths, f found that the 
air would neither extinguish a candle, nor was iWit all inconvenient to a nmuse whicli 1 
put into it. 'V 

^‘Finding that candles would burn very well in air in which plants ha<l grown a long 
time ... I thought it was possible that plants might also restore the air which had been 
injured by the burning of candles. Accordingly, on the 1 7th tif August 1771 1 put a 
sprig of mint into a quantity of air in which a wax candle liad burned out and found 
that on the 27th of the same month another candle burnt {Huiectly in it.'’ 

This momentous observation was described in the Philosophical Trans- 
actions of the Royal Society in 1772; and reprinted in the first volume of 
Priestley’s famous work, Experiments afid Observations on Different Kinds 
of Air, which appeared in 1776. 

Other experiments, described in the same paper, showed that jilant.'; 
thrive particularly well in air made “obnoxious” by the exhalations of 
animals. The discovery of the complementary charactfu* of the (‘In'inieal 
functions of plants and animals made a great impn'ssion on Priestley ’.s 
contemporaries, and brought him in 1773 the award of thi' Copfey medal 
of the Royal Society. However, Priestley did not return to 1 lu* st udy of 
air improvement by plants until 1777; and the first m*w ri'sults on this 
subject appeared in his second physicochemical work, Experiments and 
Observations Relating to Fanows Branches of Natural Philosophy, whose 
first volume was published in 1779. These new observations wert* both 
interesting and confusing. Several scientists abroad, notably Sehec'k', 



'.FKiramiY la 

had fttih*d f-oiilinii the beiiefieietii effeet iif pliiiitH mi iiir; :iii«l now 
Piwlley toil fipiiiiil hiiiiHelf uiinhle tfi alitidii iioHitive rei^iiit.s ro^^iihirly, 
IiiHh^ad of liis eiir!if*r fnt(*|^orieiii Ik* now wrote: ihf* 

wlujle, I tlo'iik it pniiMlflr that llie vegeliition of heailtiy grcwviiig 

in :^!tiialioiw iioliind to thmio Iia^ a ^nhitmy elTeei on the air.*’ liofore 


Fk:l 2. — A: roii temporary eartoori of 
Josepli Priestley.. ■ 


he siiceeedcHl iu finding an explanation for the irrc^gular result s (which, 
we think now, might have Ikhui eamsed by poor illumination), Pri(‘stlfw s 
att(‘iitioii was di vended by an <)bs<naaition tvhicdv Ikw ea.!led most 

extraordinary of all iny nnexpeeted <liHeoveriesd' He found, luiUMdy, 
'' gt-ooo matte r'^ dc^p osited o n the walls. of many of his watet^s - 
tixiiuavs. {•()irmciil,l)iil)l)lfs ofTiiir e “dr>i)hlogto.icated air” (that js ^syeen) , 

, whe nev er it was ilhuniiUiUHi by the su n. At first, Priestley thought, this 
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DISCOVERT OF PHOTOSYNIIIEHIH 

matter to be of vegetable nature. How dose he was. al } lus [xiiiil , lo the 
final discovery of photosynthesis! Howtwer, lie let hiiiiseli be <!(‘fei\’c*(i 
by microscopic observation.s w’hich rev<‘ale(l no organir- forms in ! he grei'ii 
matter, and by the formation of this matter in dosed \ essel.s. atnl dceiileij 
that itwas a thing “sui generis,” of mimn-al rather than organic character. 
Subsequent ob.servations diverted him even further aw!(\' from the right 
track — he noticed that water decant(‘d from tlu'gn-en matter also evolved 
“purified air” upon .shaking, and that even pure pump water, tmt \'isiblv 
contaminated wdth green matter, produei'd “purified aii*" upon prolonged 
standing in sunlight. The picture thus heeame more and more confused, 
as Priestley acknowledged in the following sentences; “It will proliahly 
be imagined that the result of the ('.xperiments rr'dted in this section 
throws some uncertainty on the result of fluisf' from which I have con- 
cluded that air is ameliorated by the reijvtaiion of phuifs, and especially 
as the water by which they were confined was expo.sed to the open air and 
the sun in the garden. To this I can only say that I have r(‘i)re.sent(>d 
the naked /acte, as I have observed them; ami having not great attach- 
ment to any particular hypothe.sis, 1 am very willing that my reader 
should draw his own conclusions for hiimself.” (1 lowm’er, he added some 
arguments which made him believe that the jireviously obsm-ved plant 
effects were genuine and not due to the illumination of uuter.) 

Obviously, Priestley’s careful attention to factual details and his re- 
fusal to attach too much importance to hypothes<‘s -in >hort, hi.s purely 
experimental approach— prevented, at that time, lii.s complete i'ealizutioii 
of the true nature of photosynthesis. His doubts were cleared away two 
years later, when he published the second \mlunu‘ of Olm-mtiiom and 
Exp6Tiv%6Jits in N aiuTdl Philosophy. Hy then, the giXH'u inatt(*r wa.s 
definitely identified as vegetable in nature. (It is inu>r<>sling to refieet 
that the same unicellular green algae, which have reecmtly become the fa- 
vorite subjects of photosynthetic study, served in the diseo\’(‘ry of thi.s phe- 
nomenon over a century and a half ago.) Phe action of water decantt'd 
from the green algal deposits, which baffled Priestley in 1779, was ex- 
plained in 1781 as an effect of supersaturation w^itb oxvgen; the f<)rnuition 
of green deposit in closed vessels was attributed to imperfect cln.'^ure :iml 
contamination of water with “seeds” before corking. Thus, the ijictmv 
of oxygen being formed by the cooperation of green veg<>t abli; matter and 
sunlight, emerged clearly from the temporary confu.si()u. 

These results were obtained and published by Priestlev in 17 S!; and 
in the meantime, a development had taken placed whi(‘h Priesthw hinrsidf 
had described, almost prophetically, four years ('arlier, when h(> wrote' 
(in the preface to the first volume of Different Kinds of rifr) : 

“I do not think it at all degrading to the busine.ss of experiinentai philosophy to 
compare it, as I often do, to the diversion of hunting, where it sometime.s happens that 
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thoM' w!i<< iiiivi' tlir KroHtui tin* iind arr* cojisfqm'iitly iIm' !n>t 

vvitii it, »u‘,i'y ! in*i>iM'hcH willmiit any Rsum-; «tif‘u it may fnli in tliv ‘,1, :i 

mw mi tlmt tlinrc iy but htllr riHini fur iHta-tinK in ttii> iimM •'.'i.i-i 

uf liic 

4. The Importance of Sunlight: Ingen-Housz 

Tlu‘ “men' piosciip'r’' in ihirs «a.s«! tnriu'd on! to ho thf 1 

Three yoiir." oitior than Pii<*sfl«‘y tl ie w'a.i< horn in i7ol , l ,. iJ i 
t Ku Diitf-b ti.un o£..Jli ajJ!i'i. he tva.s a man of the worh! jtJi*! utitil !!ien li.mi 
found little time for experinieiitti! remrreh. He prartieed niedieine. iir.st 
in his home town in Ifolland, then in EnglaiKi and Austria, wiieii' he In- 



Fig, 3, —Jan Ingen-Housz (from a bust by Seifert)* 

came court, pliysitdan to the Empress Maria Theresa, and was named 
Aiiiic counselor of the Empire, in recognition of his .services in saving, 
by inoculation, t he children of the Empress during tin epitkanic of small- 
pox. According to Ingen-IIousz’ own story, his intere.st in the chemical 
function of i>l;ints was aroused by the speech which the tlnm Presidtait 
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■of the Royal Society, John Pringle, made on the oiTimim of llio invsieiiia- 
tion of the Copley medal to Priestley in I77:i. In litis Friiigh* 

extolled the importance of Priestley's diseovery, ivliicdi sieovoi! fliul tin* 
apparently useless or even poisonous plants 'hlo not grow in vain/' ami 
that ^'salutary gales convey to the woods that floinidi in 1 in* musi nmnilr 
and unpeopled regions, our vitiated air, for oiir rvlivf, and for llnnr 
nourishment/' 

However, Ingen-Housz' plans for studying this iniiliia! widhlHaiig of 
animals and plants, even if they were actually (*oiiceived in I77d. did no! 
mature for "seven .years, and .thus not until aftt^r tite piiblicalioii of 
Priestley's observations on the “green matter'' whivh <*volv(il piirifitnl 
air in sunlight. Ingen-Housz— the passengc r-- was spending the yt‘ar, 
1779, in England on a leave of absence from Vitaiiia. In June of this 
year he retired to a “small villa" in the Englisli (‘ount ryside. and thc^rcN 
working “from morning till night," he performed, in less than three; 
months, more than five hundred experiments. With amazing spec‘d, tlie 
results of these experiments were ready for prestmtation to the piiblie* in 
October of the same year, in. the form of a book entitled Experi^ieiih 

V Power o! u, 

it.j.p. flip Hfiade and at Xiahi. The* book was 
dedicated to John Pringle, whose presidential addrf^ss s(‘ven years ea-rlica' 
had first aroused Ingen-Hoiisz’ interest in phmi clumiistry. Ingeii-Housz 
explained the hurried publication by the necessity of relurniiiig to Vicmna>; 
but he also realized the importance of his disc'ovtny and was (kM'idcHl not 
to let anybody deprive him of it or ev(m as much as share* in it,. 

The progress achieved by Ingen-IIuusz in tliesc thi‘c*e months was* 
indeed remarkable. Despite numerous (errors whicli (am ia* fouml in his 
book and which were caused partly b.y haste and partly hy fin* rcanly 
belief of the author in his conjectures (so diffenmt from the* <*o|iBcientious- 
ness of a Priestley), Ingen-Housz has dearly estal)lislH*d in this book tin* 
fundamental facts of photostm thesis. He wrote: 

observed that plants not only have a faculty to (‘orrect biul air in six or ten tlays, 
by growing in it, as the experiments of Dr. Priestley indicate, but that they perhu-ni tins 
imjxjrtant office in a complete manner in a few hours; that this v'onderfii! operation is 
by no means owing to the vegetation of the plant, but to the infiuema^ of the light ui 
the sun upon the plant. I found that plants have, moreover, t he nu >.st surprising fueult y 
of elaborating the air which they contain, and undoubtedly absorb continiially freon the 
common atmosphere, into real and fine dephlogisticated air; that tiny pour down eon™ 
tinually a shower of this depurated air, which . . . c()iitrihutes to rendm- the atint^spian-e 
more fit for animal life; that this operation , . . begins only after the sim Ims for s<unc* 
time made his appearance above the horizon . . .; that this operation of the* plants is 
more or less brisk in proportion to the clearness of the day and the expcKsition of tin* 
plants; that plants shaded by high buildings, or growing under a chirk shade of other 
plants, do not perform this office, but, on the contrary, throw out an air hurtful to 
animals; . . . that this operation of plants diminishes towards the close of the day, and 
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feaHen eittirfl) lil tlial rifil fieiforiiiwl by thf^ plaiib !mi cmly 

by ilic! rii!«i irmni stfilk,^; tlmt tlic* iwiHcirimiH pkiits fniforin this 

olFu'i* ill Willi the fiwl iwml, .Hahitary; llutt tlie moj^t part id pour 

out tlia i|ti?ifitity lltiM do|j!i!o|5iMtii*fife«i air froru their iimier 

Ilia! ail plauls aoiitaiiiiimtc* the Mirrsuituiiiig air by uiKht; • . . tfiat nil fhmTr>? mider 
the HiirrouiKls!iu^ air liitllily rioxiiui.s, eqimily by iii^bt iiial by day; tliai rooth and fruits 
have the sniiie tleleleriutis (|ii,'ilify nt nil tiiii****^; . . that the >suii by has iio power 

to iiwiid the air without the roiiHirfeiire <»f plants. '* ■ 

As revealed b.v this siiiriiiiary, Iiip‘!i»lioiisx* main aehievenieiit.s were tiie 
discovery cd' flic importanre of Ihjht for the 'klephlogi.sticatioii of air bv 
plants, and ihe proof liiaf the fdari ts improve the air not inerehT by 
ahsorhirig its faaistitut^iits (as suggested by Prifvstkey), but 

that also aetiveiy^^^dio*e ‘boVal nir'' (oxygen). He proved this fact 
by dcanoiislraliiig of oxygen biil>hles by siibnierger! heaves, 

a t(‘elmic|iie whiell^a^' 1o lie widehv used latm' in the study of photo- 
synthesis. (Pric*HfJfy bad obscowed the oxygen bubble fomiatioii with his 
^^gretm mattc^r” l^ore; but, at that time. lu» did not ycd rc‘alize that the 
absorption of ‘*»d air’^ by land plants and the liberation of “good 
air” by “green tnatier” were mcaely two aspects of one and the same 
phenomenon.) 

Ingeii-Hoiisz hiifl great emphasis, as shenvn by the title of Ids bca^k, 
on tils discovery of the “ptusoning'' of the air by plants in Ihe dark, and 
hc,^ dwelt ill d.c*t-ail c.,iii tJa* gruesoirn? dangers of kee{,iing large t.rc3es in in- 
habited rooms, or id* spending nights in a closed space contain mg large 
(|tuintities of flowers, fruits or vf*g(‘tahl('s. This fioint became a subject 
of violent <'un!ro\‘ers\' loetweem Irigen-iloiisz and Siunddcn', tlu‘ latter 
d(‘nying any gas lilieralion by fdants in darkness, and insisting tiiat plants 
produce no dangerous ‘bdlliivia*' when they grow* in the ofien air. The 
fact of |>la!'if respiration was eorrectly ohscu’vcal by Ingim-IIoiisz; but its 
dangerous aspects w<m» ohvitmsiy oxausstresseil, perhaps for tin* sake of 
philosophical satisfa(‘tir)n which he (ka'ived from tlie apposition of the 
wholesome inHueiic*e of plants during the day and their poisonous aetivity 
during thc^ night. The* difference between merf gases (nitrogem and car- 
bon dioxide) and active poisons did not become (dear to tlie chemists 
until much latm’. 

5. The Part of Carbon Dioxide: Senebier 

liigcm-lbjusz' Imste in asserting his priority proved well fournled. 
Thrc^e yetirs lat.c*r, in 1782, Jean Senebier puhlishedj in his home town of 
Cieiievu, three* \*ohnm'‘s of Memoires physiea-'ChimiriueH sur rfnjlnenre dc la 
liimiere solaire poi(r rmfdijier les etres dos trois regries de la ‘nature d surtoiU 
ceux da regne idgeiaL After acknowledging in the preface the priority 
and lla* importance of tin* work of Ingen-flousz, Senebier explained that 
he started liis experimemts before the appearance of the latter's book, 
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Fig. 4.— Jean Senebier 


bane., nxe secona volume of Ingeu-Housz^ French edition of Expvnmvnls 

on Vegeiahles (1789) and Senebier’s Recherches snr I’intlaencr de la lamirrc 
solmr-e pour -metamorphoser I’air fixe en air pur par vajvtatian ( 1788 ) and 
Mpencnces sur I’acHofide la lumiere solaire daitu la mjvtatian (1788), are 

filled with acid polemics, and make saci reading. 

Senebier served his cause badly by the extreme profimeness of his 

n Vfiof D above-mentioned Memoires phyuco-ckimapieH 

( 7&2), Recherches (1785), and Experiences (1788), he published a Phmio- 
logie_ vegetah in five volumes in 1800. The absence of adequate sum- 
maries, and the trite rhetorics embellishing the extensive descriptions 
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of liif< cxiifriiiK'iits, make tluwo thirteen volumes vory Iftliotm rcniliiiK. 
No woiulci' the historians wore not too kind to Kcnohior. Haia-oy-t Sihsnn. 
in his (hitUni-ii <»/ tJtr Ifinlory of Botany, denioci liim the rncoKoilion of tin* 
one imporlaril stop which ho made beyond the coiifinriatioi) of tiic dis- 
cov('rios of liijrt'u-Hoiisz. and which was credited to iiiin by Ssiclis anti 
Pfefi'or ilie rtadizalioii of the part played by “fixedair” (carhttii ilioxitic) 
in photosynthesis. 

Tilt* wortis “fixed air" <io not occur at all in liiKon-iloiisz’ first hook 
(177!»), anti in the second one (1780) they apjtear almost (*xchisivc!y in 
connection with Ilu‘ tlescrijtlion of the products of plant respiration. Ih' 
fotind the t*lTec1 of larst- (juuntities of "fixed air” to he ileh'tcritHis to the 
air-purifyins activity of })lants. and that of small quantities iiuiefinite. 
If chemical c(]uations hatl iwen known at that time, Infien-IIousz would 
have written the etpiiition of photo.syathesi.s’ in the folh^winfic form: 

plants 

(2.1) Air + li|?ht > .st^niething ** phlogisitieateti in tlie pliiiits 4- 

dc*pl I legist iriiied air 

He had no definite roneeptiori m to what kirnl of is listed for this 

tnmsforjnatknL He evc^n considered the possibility of siibstitiitiiig, for 
^^eoinmon in (2.1), 'MiiftairimaWe. air'' (hydn>p:c*ri), or water vapor. 

Senebier, on tlu‘ cdher hand, -was aware evcai in his first work, fiub- 
lished in 1782, of thc‘ toHaierating effect of '^^fixed air” on the procluctioii 
of ^^pure air” by plants and wrote, parott chiirenient, que i’air, fourni 
|)ar h‘S feuillihs <'xpose(‘s sous i'eaii au soleih est Teffcd. {Tuih^ (*f>inbination 
particulien‘ de Fair fixta t)|Hh*ee dans la feuille par le nioycni du soieil,” 
and ill another plac^e, ‘M(‘ idadinets pas que rairconiniun de ratinospii(n*€ 
s(‘ tainis(‘ dans I(*s feuilles des vegetaux pour y deposia* sa portion phlogis- 
ticpie, et en sortir air dephlogistiqiie apres cette depuration.” lliis last 
remark w'as directed against the hvqiothesls of Priestley, hut ap|,)lied 
equally well to the ideas of Ingen-'Housz. As alternative to the picture 
of a transfomiation of ordinary air into pure ^Hle|>hlogisti(*ated air,” 
Senebier suggested que Fair fixe, dissous dans I'eau, est la nourrit ure ([in' 
les plantes tirent de Fair qui les baigne, et la source dt‘ I'air pur qiFelles 
fournissent par Felaboration qu'elles lui font subir.” The transformation 
of fixed air” into ^'pure air” is the main sul)j(‘ct of his second book 
(1783), as shown by its title, and in his Ej'pmeitceH (1788) spechal 
chapter chads with the proof that “Fair rendu par l(‘s phint(\s exposecss 
au soleih est Ic' ])rodint de F(daI:>oration de I'air fixt‘ par h* nioycai de la 
lumiere.” Senebier sliows convincingly, in poleniic^s against ingcai-Hoiisz, 
who e'\''en in F784 denied that fixed' air is necessary for the “ purification ” 
of air by plants, that no “dephlogisticated air” is formed fnun distilled 
water, even if it is saturated with common air, provided thc^ latUu’ is free 
from “fixed air.” 
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The equation (2.1), by which wo have .summarised the disi-tn-eries of 
Ingen-Housz, was thus improved by Sonebier in one point, juk! could mnv 
be written as follows: 

(2.2) Fixed air + light something phlogisticalcd in tin- phoit t- 

iiTilesI jiir 

6. The Assimilation of Carbon 

Priestley and Ingen-Housx assumed that the phiiits, in tin* ni 

transforming ''impure air'’ into "purified air,” aecpiiiv nf>urisliiim!ii for 
themselves. (If they would have adhered strielly to I he plilogisloii 
theory, they should have concluded that tins noiirisluiuiii i> pi!r«‘ phiu- 
giston.) Senebier, who discovered that tlie su!)strate traiisihriuation 
is fixed air, could have gone a step furthiM*, ami usch,! La\-nisic‘r\< fheciry 
the composition of fixed air to deduce that varbiHi is t 1 h‘ at^juisitiuii which 
the plants make by absorbing carbon dioxid(‘ and exhaling cixygen. How- 
ever, Senebier again showed himself no match fm iIh^ ciuick-wittcnl 
Ingen-Housz. In 1779, the Dutchman had reaped i!h’ si‘eds sown by 
Priestley’s experiments, and left to the Swiss pastor ilie wtuh of gleaning; 
in 1796, he was the first to harvest the fruits of theory, lie, 

who as late as 1784, denied that fixed air has anything lo ila with photo- 
synthesis, wholeheartedly espousiai this <h>etrine in i7iN‘a in a. lunv bofik 
Food of Plants and Renovation of the t^oil. H{‘ hinted that he ha<l hc^Iiexaai 
in this doctrine since 1779, and left Senebier aitd his polemicN willi liirn 
about this point unmentioned. Nevertheless, thi> last book of bigra,!- 
Housz is another remarkable aehievemetit, a.nd lias beiai a milestone in 
the development of the science of plant nutrition. 'Fhe nuadianisin of 
photosynthesis is presented in this book, for iho first time, in terms of tlie 
new chemical theory, calling "fixed air’' — earlxmii* acitl, aial “d<,‘phlogis- 
ticated air” — oxygen, and proclaiming that plants acafuin^ tlnar carbon 
(whose important role in the composition of organic matt ca' was wtdl r(H*og- 
nized by then) by the decomposition of carbonic acid from the air. 
doctrine of "aerial nourishment” of plants has thus receivc^d its first 
concrete interpretation. While Senebier thought that carbon dioxide 
from the air is first dissolved in soil water and reaches tlu^ through 

the roots, Ingen-Housz suggested that plants recei\a^ imly tlaar “juica^s" 
from the soil, and obtain both their carbon, and tluaroxygen, from theair. 
He had the erroneous idea that while carbon is obtaimxi from cairbonii* 
acid during the day, oxygen is derived from tlu^ samc^ source^ during the 
night. (This is one example of the many "wiki guesst^s” whi(*!i can be 
found in the writings of Ingen-Hoiisz.) One question whieh worimni 
Ingen-Housz was the supply of carbon dioxicke Whik^ d<‘ Saussuix^ 
thought that carbon dioxide is a permanent, although minor and varialik^ 
component of the atmosphere, Lavoisier found no carlion dioxide at all 
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ill th«‘ fciinnioii air. in hin intTodiiction to tho Csorraaii traiislMiiioi of 
paiiiphlot, voo Humboldt eomiminioatcHi aiialyson wliioh 
purport oi lo slonv ilio ooristiiiit oeeiirreiiee of earhoii dioxide* in (*0111 rrnm 
f air, in (‘oiinoiP rations from 0.7 to 1.4%. Tho Iriio oarhoii dioxido 

of t!io air wliirh is fairly emnst ant . at in flu* open imiintry, hut, 

' may riso c*oiisiflf*rahly above this value in the iieigbborlHHHl of pofniiafial 
i ■ pku*es, industrial crstablisioneiits and uetive vrileanoes"-- was f‘stablislic‘fl 
early in the next eentury l:>y Dalton, de Haiissure, and Bonssiiip!:aiilt 
icf. the i*evk‘w by Letts and Black, 19CKI). ■ 
j Aft(‘r the appexiranee of Ingen-Housz' Food of Plafii.s\ ilie problem of 

i oxygmi IilH*ration by ilhiininated plants beeame inerpied witli the prolilom 

of carbon assimilalioii frmn the air and the synthesis of organic matter, 
f The two terms under wliieh this process is generally known, **'piiotosyin 

thesis'" and “assimihtf ion'^ have their origin, in tlu‘se two aspieets of the 
problcmn Xidtlua* is entirely’ satisfactory, since ‘‘photosynthesis’" could 
etymologicadly mean any synthesis inider the influence of light, and ‘‘as- 
similaiioiL" oa* ev<m “assimilation .of carbon") covers an 4‘ven wider 
variety of phenomena. We shall use the term “pl^t.)tosyutlir‘sis'* bcwaiise 
i‘ , it lias pracdically aequiuHl a very definite meaning and is only mddoin ap- 

I plied to any photocdimnical r(a:iction other than tin* syntlic‘sis of organic 
inattcT by plants in light. 

In the' light of Fngen-IIoiisgi' realiiaation of the iiutritive, role of “air 
refining" liy pla:nt,s, w(.‘ cun again .rewrite eqiiatio.n (2.2), in tlie form ' 

h' ' p]a.ivt 

(2.3) Ca.i4K>!iu'* acid q- light. — > organic inatter + oxygen 

7* The Participation of Water: de Satisstire 

(hiuiuitative treatnumt soon proved equation (2.3) to ho iiu'ornplete. 
The recognition of tliis incompleteness came when 'weighing was addc'd to 
volume measuring in the study of photosynthesis. Thi.s progress was duo 
to another scholar from Geneva, Nicolas Theodore de 8aus.sure (17()7"™ 
1845) (.son of the physicist who invented the hygrometer), a quiet and 
retiring man and a skillful and conseientioiis expierimentalist. His results 
were puldished in 1804, under the title yRecherches chimiqiH^^ sur la vegeta- 
tion, Hus is flu* first modern book on plant nutrition, full of caiadul 
aiialysc's of gasc's, humus, and ash, and almost devoid of any siiceulations, 
or (U'(‘n hy pot host's. 'IIh' measurements of de Saussure proeunl definitel.v 
tlio corn'd ue.s.^ of Ingtui-IIoiis;?^ doctrine of aerial nutrition, and showed 
what ('i('nu‘nts th<' plants acquire from the soil. Tlu'v coidirined tlic' 
surmise of Senc'bic'r, that idaiits find enough nourishinont in tlie small 
I amount of carbon dioxiile regularly present in the air, and showed that 

this is tlu* only sour(‘o of their carbon supply. De Saussure made' tlu' first 
comparison of tlie amounts of carbon dioxide absorbed and of oxygen 
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liberated by the plants; and most important of all, he proved tiial tlu' 
increase in dry weight caused by the assimilalion af a nrtiiiu iiuaufity of 
carbon dioxide, is considerably larger than (be weighl of roHmu eonlaio,,! 
in it. Since the equivalent of all the oxygen contained iii the dee.nnposed 
carbon dioxide is evolved into the air, tlie large weight increase ciiniiot !»■ 
attributed to a eoassirailation of oxygen from this source. T1 h‘ plains 
grew in pure water and air containing air carbon dioxide; therefore the 
only other possible source of weight increase was waU r (takiui u[) in a 
form not removable by drying). De Saussure thought af that tinu'tliat 
the assimilation of water is an independent iirocess. mer.*!\- coufded with 
the decomposition of carbon dioxide. However, tlie exjieriinenta! results 
do not warrant such a separation of the two ju-oeesses; what they prove 
is the participation of water in photosynthesis. 1'hey riapiire an amplifica- 
tion of the over-all eouation (2.3), which we may now write in tlie form; 


(2.4) Carbon dioxide -p water + light > organic nwtwr t- uxygeri 

Perhaps because water came into the picture several years later than 
carbon dioxide, the concept of photosynthesis as dceoiti position of carbon 
dioxide 


followed by hydration of carbon 

(2.6) n C 4- III II..O ^ 

has persisted in the literature for a long time. W(‘ shall .see in chapter 3, 
that photosynthesis is better interpreted a.s a reaction between carbon 
dioxide and water— more exactly, as reduction of carbon dioxide by water 
(or oxidation of water by carbon dioxide). 

The study of photosynthesis, after the above des(‘rib<‘d raiiid start in 
the quarter century between 1779 and 1804, lapsed into an almost com- 
plete quiescence for the next fifty years. LieViig (1803-1873) in his fa- 
mous Chemistry in its Application to Agriculture and Physiology, sei'crely 
criticized the methods used by plant physiologists of that time in dealing 
with the problems of material exchange between plants and the surround- 
ing media. Boussingault (1802-1887) was the first to improvi' tlie.se 
methods; to him is due the first redetermination of the gas exchange in 
photosynthesis, with a precision better than that achie\-(‘d bi'ile.^aussure 
in 1804 (c/. Chapter 3). 


8. The Conversion of Light Energy: Robert Mayer 

If the time betiveen 1804 and 1804 (the year when Hou.ssingault. pub- 
lished his first paper on photosynthesis) was .sterile in the developmmif of 
the physiology and chemistry of photosynthesis, it saw the foundation of 
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its phijs!rt< laid hr another siirgeoiij Julius Robert .Mayer of Heilbroiin. 
In 1845, thrf^e \a‘ars after he first enounced ' the law of coiiscn’vatioii of 
energy, ^Ia\'er, in a- |)am|)hlet entitled The Organic Motion, {n liriatioih 



Fra. 5.—Roberl Mayer. 


to Meialnth\sm i!w(‘h upon t)u‘ conseqiuaiees of this law for life processes 
on earth, and wrote: 

'*l)ie Xatur hat sidi die Aufeibe gestelit, das der Erde zustohiiende Lieht im Fluge 
ZLi erhas<*h<*u luai <iit‘ l)t‘\veglii*hste aller Ivnifte, in starre Form umgewandelt, auf- 
7 Aispeic‘henL Zur iOrreicduing dieses Zweekes hat sie die Er<ikriiste init Organismen 
uberzoge!!, weiehe lebeiid das 8onnenlicht in sich aufnehmen and iinter Verwendiing 
dieser Kraft eine fortiaufeiale Summe cheinischer Differenz erzeugen. 

Diese Organismen siiid die Pjlanzm; die Pfianzenwelt })iidet ein Reservoir, in 
weichein die ihiehtigen Sonnenstrahlen fixiert nnd zur Nutzniessung gesehickt niederge- 
iegt werj.iea; lane (>konomis(‘he Fursorge, an weleiie die physische Exis|enz des Men- 
sdieiigest‘!iie(*iae.s unzertrennlieh gekmipft ist. 

Pflaiizeu aeiuuen eiae Kraft, das Lieht, auf, and bringen eine Kraft liervor: 
die eh(‘mis<'!ie Diib'nai/.” 


T}ic‘ last .quolalion means tliat our equation (2.4) can l)e iiiuplificM,!, 


to read 

( 2 . 7 ) Carbon dioxide 4 - water + liglit - 




■> organic matter + 

oxygen 4- cliemical energy 


The work of R obert Zilayer can be considered as the concluding char>- 
ter in the history of the discovery of photosynthesis. Qualitatively. 
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equation (2.7) is complete ;Ats fur tter elaboratio (‘oiild n^siilt ^mly from 
detailed quantitative investigations, of the kind irutiigiirated by Boiis- 
singault in 18()4. 

The discovery of photosynthesis has engendered rivaliif^s, aiii! 

historians have kept the flame of hate alive long after the priiiripal aiiors 
in the drama have been silenced by death. The biographers of Brieslley 
have felt that the discovery has been unfairly siiatelied away from ^ili^ 
great experimentalist; the biographer of Ingeii-Ilciiisz. .ItHIdp 

had no doubts that all honors belong to his hero, who ‘‘always kepi his 
fights noble and magnanimous, even after Priestkw luid atteiiipIcHl base- 
lessly to defame his reputation and Senebier had iiiichniaken to put iiiin- 
self into the possession of his discoveries by dishonest rneaiis. Tlie most 
he has ever allowed himself has been gentle, nicely c‘xprc\ssc‘(I irony.’" 
The friends and compatriots of Senebier, including de Saiissiire, and lat(»r 
N. Pringsheim (the latter mainly for reasons of his disagreeincait with 
everything Sachs stood for), were inelined to attribute to hinn if not tlic‘ 
whole, at least a large part of the discovery. 

We are noAV sufficiently remote from these coritro\a‘rsies to he only 
mildly interested in the questions of priority and persona! ambitions, 
and to recognize the discovery of photosynilH^sis as tlie ineviiabk^ conse- 
quence of the two great achievements of scncmca^ in thc‘ period betweem 
1770 and 1840 — the discovery of chemical elcmuaits, and tlie creation of 
the concept of eneigy. The work of the flv(‘ men whosc‘ nanic*s are associ- 
ated with the foundations of photosynthesis, Pricsstky, liigcai-IIousz, 
Senebier, de Saiissure and Robert Mayer, has (wolved from this back- 
ground, which two of them, Priestley and ?ilay<a\ tluuusch’es InflpiMt 
^ to create. 

After 1860, the development of plant physiology in g{an‘i‘a.l, and of 
photosynthesis in particular, took a rapid spurt, und(a* the l(‘ad(‘rship of 
such men as Sachs, Pfeffer and Timiriazev. From this tiine on, the 
literature on photosynthesis has grown precipitously, until now a completes 
review of all papers on this subject, scattered through botanical, agri- 
cultural, chemical and physical journals, appears almost impossibka'^' 
This broad development of the subject of photosynthesis aft(‘r 1 860, whicdi 
has branched into many different fields, including in addition to plant 
physiology also organic chemistry, physical clKunistry and ph\'sics (not 
.to speak of ecology and other branches of botany), makt^s it advisabk* to 
close here the historical introduction, and to dead luaiceforih with IIh' 
different aspects of photosynthesis in a logical rather tluui (4ironoiogi(aii 
order. 

A list of about 900 investigations published before ,1925 can he (omul in W. 8tiles‘ 
monograph, Photosynthesis. The subject was treated in an even more conipre!iensiv(‘ 
manner one year later, in the well-known monograph, of the stime tiths by IL A. ^poelu' 
(1926), which, however, does not contain a list of bibiiographicul references. 
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THE CHEMISTRY OF PHOTOSYNTHESIS 
AND RELATED PROCESSES 



('hapter 3 


THE OVER-ALL REACTION AND THE PRODUCTS 
OF PHOTOSYNTHESIS 

III thf‘ c'liUptiT, ph()tosyHt was elm nu* tori zed as th(‘ reversal 
(if ramiiHstiiai, a |)roc*(\sH l)y. wliieh eurhon dioxide and water are eom- 
iiiiied t.f) form organic matter, while oxygen es(»apeH into the medium. 
This defiiiiticm de»s(‘rihes what may he called ^Tiormal photosynthc^sis” of 
the higher plants^ mosses and algae. In recent years, s<ime significant 
rariatifuis of this process have been discovered, which oeeiir regularly in 
pigiiKuilcsI bacteria, and ean he induced artificially in certain algae. The 
prescait chapter (leads with the «?ver-all reaction of normal photosynthesis, 
while chapter’s o and li will Im devoted tu its in<Hlitictitions in haeteria 
and algae. 

A, The Qija,ntitative Balance of Photosynthesis * 

L The Photosynthetic Quotient 

Tiie relative ainc)unts of oxygen and carbon dioxide excdianged in 
photosynthesis w<*r(* first (hUermined by de Saussurf* in 1804. lie found 
1h(' vuhnne of oxygen ev<dv<Hl, A<h, to he smaller (by as mindi as 80 KFv;) 
tliaii llu‘ Vi?hi!ne of carbon dioxide consumed by Hie plants, — ACO 2 . 
According to his anal\’'s<‘s, tlie ‘Onissing'' oxygem was converted into 
nitrogiHi. ^\’e cannot blame de Saussure for this error, for it was not 
until sixty years later that the methods of quantitati\a‘ |)lMnt physiology 
were sufficiently impnuTd to allow a better deterinination of the “photo- 
synthetic quotient/^ Qp: 

(ai) Qp = AO2/- ACO2 

(Tfu‘ term “ phot osynt belie qutotient'” has been used by many authors, 
for (*xampl(‘, by Willstaitei* and Stoll^ to desigmite the inverse ratio, 
““ A(*0-> A() 2 ; this difference ctdls for care in the ({notation of numer- 
ical n^siilts.) 

When Houssingaull r(‘d(?terniined the photosynthetic ({uot ient in 
1804, he tbund C^p values varying between 0.8 and 1.2, with an average 
close to U!Uty. In his measurements, the.n-d production of oxygen was 
eornpa.r(‘d with the net (consumption of carbon dioxide. Howe\’er, even 

Bibiiograpliy, page 5I>. 
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Ingen-Housz; knew (or suspected) that plants In reKpire in ligtit, 

so that their net gas exchange during the day is IJh* balaiic^e nt photo- 
synthesis and respiration. The calculation of true phofoK^Mithesis thus 
requires the application of a ''respiration eorreetion;' which cannot he 
determined without certain arbitrary assumptions. Ihaniiier and Maiigiii 
(1886), who were the first to face' this problem, iiml bnir metliods for its 
solution. One method (which has since conn* into nmmuni use) wa.s 
to determine the respiration in darkness, and to assume tluU its rat <3 
remains unchanged in light (c/. Chapter 1^)). 11m second I!Hu!hh 1 was 

based on the inhibition of photosyntlH'sis by luuTotics (whidi k^tuajs 
the respiration almost iinchang{id, cf. Chapter 12); the thirtl on the pre- 
vention of photosynthesis by deprivation of (*arl)on dioxides and the 
fourth on the comparison of gas exchange in leavc^'^ witli high auni low 
content of chlorophyll. By all four methods, Bonnicu* and Mangiu ole 
tained Qp values considerably above unity (LI to Llh lliese results 
were not confirmed by subseqtient investigators, notably Alacpienne and 
Demoussy (1913) and Willstatter and Stoll (1018), who found that Qp is 
equal to unity within the limits of experimental (UTor. Maqiumiie and 
Demoussy determined the respiration correction by expcuinicmts in the 
dark, while Willstatter and Stoll reducied it to insignificaiiicc* by working 
in very strong light and with ample supply of (uiiLiui dioxide, so that 
photosynthesis was twenty or thirty times stremgeu* than respiratiem. 
Table 3.1 gives a selection of their results togetbeu* with those of some 
recent investigations, in which a different type of plant algae) ha.s 

been used instead of the higher land plants. 

Table S.I^shows the remarkable constancy of the photosyutiietic 
quotient — it is independent of light intensity, duratioii of illumination, 
temperature, and the concentrations of oxygen and carbon dioxide. 
Values slightly above 1 seem to predominate, although dcoiatioiis from 
unity are hardly beyond the limits of experimental error. Table 3.1 
shows also that the respiratory quotient: 

(3.2) Qtt == ACO.2/- AOs 

is close to unity for most plants (although its deviations from the iior- 
mal value are more common than are those of the <iUotient (Jp). \ovx 
few significant cases of abnormal Qp values have Ixwm ibund. !k‘forc^ 
discussing them, we may first inquire what the normal value, C^p = 1, 
means for the chemical mechanism of photosyntiiesis. It fuids a natiirai 
explanation in the assumption that the product of pfiotosynlhe-sls is a 
carbohydrate, i, e., a compound with the atomic ratio H : O = 2 : 1. We 
can thus elaborate equation (2.4), by writing: 


A' 



the photosynthetic quotient 


Table 3.1 


AOs/- ACOa) AND THE RespI«ATOEY 
ACOj/- AOa) 


RhotostwbEtic Quotient {Qp 
Quotient (Qe 


Remarks 


Sp»0l€» 


M.D. 

M.D. 1-00 

M.D. 

M.D. 0-®^ 

M.D. 

M.D. ' 

M.D. 

M.D. 1-®^ 

M.D. 1-®® 

M.D. 1-®^ 

W.St. 25° C., 5% COa, rnumi- 

nated for 6 hrs*f 45, OCX) 
lux 1.00-1.05 

W.St. Same after 1 2 hrs. in dark 0.9S-1.02 

W.St. 25° C. ; 2 hrs., 45,000 lux, 

low Os (2%) 1.01-1.02 

W.St. Same after 3.5 hi^s. in dark l .Ol 

W.St. 35° C., 45,000 lux, 6.5% 

COa, 4.5 hrs. 1.00-1.01 

W.St. 10° C., 45,000 lux, 6.5% 

COa 0.99-1,02 

W.St. Leathery leaves, Qp > 1 

according to Bonnier 
and Mangin 1.00 

W.St. Moss, 25° C., 5% COa, 

22,000 lux 1.01 

v.d.P. Alga (green) 0.92-1.07 

M.S.D.D. Gr^n aiga, low light 0.98^ 

B. Diatom, high light, 

12-31° C. 1*04 dbO. 

B. Same, low ligM, 

12-28° C. 1.07 dbO. 

B. Diatom, high light 1.03 d:0. 

B. Same, low light 1.05 ±0. 


Ailanthus 

Asyidisira 

Begonia 

Cbeny laur:el 

Kidney bean (young) 

Pea 

Ridnus 

Sorrel 

Wheat 

(27 spp.) 


Sambucus nigra 


Pelargonium zonale 


Sambucus nigra 


Aesculus hippocastanum 


Ilex aquifolium 


Leucobryum glamum 


Hormidium Jlaxcidum 
CMorella pyrenoidosa 
NiiMchia closterium 


Nitzschia paUa 


** M D « MMUeime Mid Bemouw (mm W.St. « Wdlstfttter^ StoE «r- 

Pftaiiw f l932>* B = Barker (1935); M.S.D.D. = Manning, Stauffer, Dugw ana Darnels 

^ AwSe of 18 sin^determkations of quantum yiekis of photosySEms by Eimultaneom maasare- 
meats of ACOs and AOa; single values varying from 0.3 to 1.5, 

In the same year, 1864, in which the correct value of the photosyn- 
thetic quotient was first determined by Boussingault, a direct proof of the 
formation of carbohydrates by photosynthesis was given by Sacha, who 
observed the growth of starch grains in the chloroplasts of photosyn- 
tViAHiCT-ng leaves. However, not all plants form starch after intense 
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photosyntliesis— some do not form any visible depasits of reserve ma- 
terials at all, while others store oils or proteins. Since the latter products 
are more strongly reduced than the carbohydrates, their formation by 
photosynthesis would require more hydrogen and lead to the liberation 
of more oxygen, than does the synthesis of carbohydrates. This would 
mean an increased value of the photosynthetic quotient. It is therefore 
important that Parker (1935) found a normal value of tlie photosyiitljotic 
quotient also in oil-storing diatoms (c/. Table 3.1), even in those which 
have an abnormally low value of the respiratory quotient {NilzHchm 
pcdea). This difference illustrates tlie fact, already stated in the first 
chapter, that photosynthesis is a universal process, taking the same 
course in all plants, wh i le the reverae process of oxidation can proceed 
by many different paths. Whenever compounds other than polymerized 
carbohydrates (starch, inulin, cellulose) are stored in an organism, the 
symmetry of photosynthesis and respiration must needs be disturbed. 
Thus, plants (or animals feeding on carbohydrates) which accumulate 
fats, may have Qr values above unity while the fats are formed, and 
below unity while they are consumed. Conversely, plants which store 
low-molecular organic acids or salts, (e. g., oxalates, tartrates or citrates), 
often have Qr values below unity during the deposition, and above unity 
during the consumption of these reserve materials. This is tme, for 
example, of ripening fruits, and of succulents during the nightly accu- 
mulation of acids (c/. page 264). 

Succulents (e. g., Cadi) often have also abnormally large photosynthetic 
quotierds (Aubert 1892) ; or, at least, they appear to be large if determined 
by the usual method of subtracting the gas exchange in the dark from the 
gas exchange in light. The quotient decreases, however, with prolonged 
illumination, as shown by WiUstatter and Stoll (1918) in experiments 
with Opuntia. The change is associated with the gradual disappearance 
of organic acids, which these plants accumulate in darkness. This 
" deacidification” in light can be interpreted either as a photoxidation^ 
producing free carbon dioxide, or as a photoreduction, convei*ting the 
acids into carbohydrates. If the first hypothesis is correct, the high 
photosynthetic quotient is deceptive: the complete oxidation of acids 
of the type of malic acid produces more carbon ^oxide than it consumes 
oxygen, and thus reduces the net carbon dioxide consumption from the 
atmosphere more than the net liberation of oxygen. If, however, the 
second hypothesis is correct, the high photosynthetic quotients are real, 
and the succulents carry out a’ “photosynthetic assimilation of organic 
acids” instead of, or in addition to, the usual photosynthetic assimilation 
of carbon dioxide. We will return to this problem in chapter 10. 

Abnormal photosynthetic quotients are sometimes shown also by 
nonsucculent plants ai the start of illumination after a period of darkness. 
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This was first .Eoticed by Kostychevin 1921. ■ During this so-called in- 
duction penodj ' which, .depending on 'specific conditions, can last for 
seconds, minutes or even hours, the photosynthetic quotient may be larger 
or smaller, than unity; it may even become negative^ that is, plants may 
cons,ume (or liberate) both oxygen nnd carbon dioxide at the same time. 
These phenomena must ' be ascribed to the restoration of enzymatic 
systems and the regeneration of intermediate products, ’ivhich have been 
destroyed during the dark interval (cf. VoL II, Chapter 33). 

Considering all known deviations of the photosynthetic quotient from 
unity, we see no reason to admit the steady photochemical production of 
compounds other than carbohydrates. However, the value Qp == 1 does 
not preclude the formation of organic acids or other “ underreduced 
compounds as irdermediaies in photosynthesis. Willstatter and Stoll 
quoted the constancy of Qp as an argument against Liebig’s theory of 
photosynthesis, in which plant acids "were supposed to accumulate by 
photosynthesis in summer, and to be slowly transformed into carbo- 
hydrates in fall. However, this objection does not avail against those 
modifications of Liebig’s theory which assume that the plant acids are 
only passing intermediates in the transformation of carbon dioxide into 
carbohydrates. The observed value of Qp proves that no underreduced , 
(or overreduced) intermediate products accumulate during steady photo- 
synthesis; but as long as these intermediates are consumed at the same 
rate as they are produced, their presence cannot affect the photosynthetic 
quotient (except during the induction period). 

2. The Yield of Organic Matter 

The photosynthetic quotient is the most easily measurable quanti- 
tative characteristic of photosynthesis. However, it is not sufficient to 
give a complete picture of the chemical reaction. It does not reveal the 
absolute value of x in eq. (3.3), or that of the ratio x : y. Thus, it does 
not allow one to identify the product of photosynthesis as a simple sugar 
(x = y) or as a polymer (y < x, e, g,^ y == 5/6 x for high polymers of 
hexoses). Furthermore, the photosynthetic quotient is not a very 
sensitive criterion of the exclusive production of carbohydrates. A 
deviation of Qp by 3% from unity — which is well within the limits of 
error of most experiments — may mean the formation of as much as 12% 
of protein (Smith, 1943), or 5% of fats. This makes it important to use 
other and more direct methods for the determination of the chemical 
nature of the ^^photosynthate.^V Interesting information could be pro- 
vided by the determination of the amount of water assimilated together 
with a known quantity of carbon dioxide, but this experiment encounters 
considerable difficulties, because of the abundant presence of water in all 
cells. The determination of the total imroase in organic matter^ caused by 
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the assimilation of a certain quantity of carbon dioxide, is easier; we 
remember that de Saussure used this method in 1804 to prove the par- 
ticipation of water in photosynthesis. Qualitatively, the proof was suc- 
cessful; but quantitatively, the two experiments performed by de Saussure 
disagreed. In the first of them, seven Ftnca plants assimilated 314 mg. 
water together with 217 mg. carbon, corresponding to a molecular ratio 
x:y - 1.03; in the second, two Mentha plants as-similated 159 mg, water 
together with 159 mg. carbon, corresponding to z : y = 1.50. Similar 
experiments were carried out almost one hundred years later by 
Krasheninnikov (1901), who determined the total increase in the dry 
matter of illuminated detached leaves of five species, and the amount of 
absorbed carbon dioxide, and obtained x : y ratios between 0.87 and 1 .23. 
Bose (1924) compared the increase in dry weight and the oxygen pro- 
duction of several plants of HydnUa, and obtained x : y ratios of 0.92 
or less. Smith (1943) made careful determinations of the carbon dioxide 
consumption and dry matter production by sunflower leaves, after illu- 
mination periods of the order of 1-3 hours. Table 3. II shows some 
typical results. 

Tabm 3.11 


Carbon Assimilation and Increase in Dry Weight of Sunflower Leaves 

(atoer Smith) 


Expt. 

No. 

AC, mg. carbon assimilated 

A IF, mg. 
(increase in ' 
dry weight) . 

, AC/Air 

Calcd. from 
ACOa 

Detd. by 
analysis 

1 From. 

ACOi 

By 

analyirt.s 

1 

5.3 

5.2 ■ 

12.9 

. 0.41 

0.41 

2 

7.6 

8.9 

mM 

0.37 . ■ 

, 0.43 ■ 

' 9 

7.3 

8.0 

17.2 

0.43 ■ 

0.47 

4 

6.8 

6.5 

17.6 

0.39 

0.37 ■ 

5 

6.0 

6.2 

14.1 

, , 0.43 

0,44 

6 

6.2 

5.6 

14.0 

i 

■ 0.44 

0 . 40 , . 

. -1 , . "• Aveeage: 

0.41 

■ 0.42 • 


The average ratio AC/ATF (0.415), corresponds to x' y =1.06 and 
thus agrees well with the theoretical ratio for a simple sugar (0.40, 
X : y = 1.00) and even better with that for a disaccharide (0.42, 
X : y = 1.09). In the leaf as a whole, the proportion of carbon is con- 
siderably larger than in the newly formed “ photosynthate (about 0.51 
if referred to dry weight without ash). 

; The most satisfactory method of determining the nature of the 
products, of photos3mthesis is direct analysis. However, when Sapozh- 
nikov (1890) first determined the difference between the carbohydrate 
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content of sunflower leaves kept in the dark, and that of similar leaves 
which had been exposed to light for 3-5 hours, and compared the amounts 
of synthesized carbohydrates with the quantities of carbon dioxide con- 
sumed by the illuminated leaves, he found “carbohydrate deficiencies” 
of 5-35%. Similarly, Krasheninnikov (1901) was able to identify as 
carbohydrates only 50-75% of the dry matter synthesized by the 
leaves of bamboo, cherry laurel, sugar cane, linden and tobacco. These 
results could be taken as indications of a rapid transformation of the 
primary product of photosynthesis into compounds other than carbo- 
hydrates; this conclusion was supported by the observation of Ruben, 
Hassid and Kamen (1939) who found that, after one hour of photo- 
synthesis by barley leaves in radioactive carbon dioxide, only 25% of 
the assimilated radioactive carbon could be recovered in water-soluble 
carbohydrates, and not more than 10% in insoluble material (cellulose). 

Smith (1943), on the other hand, was able to recover, in the form of 
carbohydrates, practically all carbon assimilated by sunflower leaves in 
illumination periods of 1-3 hours (c/. Table 3.III). According to this 

Table 3.111 

Detekmination of Carbohydrates in the Photosynthate 
OF Sunflower Leaves (after Smith) 


Percentage of assimilated carbon fonnd in 


TAT U 


Illumi- 


xx umber 
of 

experi- 

ments 

Temp., 

°C. 

nation 

dura- 

tion, 

min. 

Mono- 

saccha- 

rides 

Sucrose 

Non- 

identi- 

fiedi 

sugars 

Starch 

All 

soluble 

carbo- 

hydrates 

In- 

soluble 

carbo- 

hydrates'* 

All 

carbo- 

hydrates 

4. 

10 

156 

7 

71 

5 

16 

m" 

■.,8 

107 (± 5 ) 

■ 7 

20 

58 

10 

1 52- 

3 

26 

. 91, ■ 

7' 

98 (± 3 ) 


* Assumed to have the elementary compc^sition of cellulose. 


table, more sucrose and less monosaccharides (and less starch) are ob- 
tained at 10® C. than at 20°. The proportion of monosaccharides may 
rise to as much as 35% if several hours of respiration in the dark are 
allowed to pass between illumination and analysis. (This amylolysis in 
the dark may be caused by water deficiency, cf. page 333). 

The difference between the observations of Smith and those of the 
earlier investigators may be attributed to improved methods of analysis. 
However, the results may also depend on the plant species used and on 
the conditions of the experiment (duration and intensity of illumination, 
temperature, etc.). An explanation remains to be found for the failure 
of Ruben and coworkers to recover more than one quarter of assimilated 
radioactive carbon in the carbohydrates photosynthesized by barley 
leaves. 
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B. The Peodects op Photosynthesis* 

L The Carbohydrates 

Experiments described in the preceding section indicate that the direct 
products of photosynthesis belong to the class of carbohydrates. How- 
ever, by the time when the quantity of the photosyntliafce becomes suf- 
ficient for chemical analysis, the carbohydrate fraction is foimd to contain 
a variety of compoundxS of different degree of polymerimtioii, and it is 
unlikely that they all are the primary products of photosynthesis. 
Which of them, if any, is the primary product, is a moot question. 
Before presenting the arguments advanced on behalf of different con- 
tenders for this distinction, it seems advisable to give a short review of 
the structure and properties of the most common plant carbohydrates — 
pentoses, hexoses and their various polymers. For a detailed presenta- 
tion of sugar chemistry, the reader is referred to the monographs by 
Pringsheim (1932), Bernhauer (1933), Armstrong and Armstrong (1934) 
and Michael (1939). 

(a) Pentoses 

These Cs sugars occur abundantly in many plants, usually not in tlie 
free soluble form, but as the so-called pentosans, i, e,, anhydrous com- 
pounds of the composition (CsHgOdx- The pentosans are mostly found 
in the supporting structures— cell walls, wood fibers, etc., and are thus 
not directly associated with photosynthesis. However, they are more 
easily hydrolyzed than cellulose, and sometimes serve as reserve ma- 
terials, thus coming into closer relation with nutritional processes. 

Some authors, Nef (1910), for example, thought that the synthesis of 
pentoses must be independent of that of hexoses; others, as Lob and 
Pulvermacher (1910), suggested that pentoses are intermediates in the 
formation of hexoses. The production of starch from externally supplied 
pentoses {cf, page 260) indicates that plants contain enzymes capable of 
bringing about the conversion of pentoses into hexoses. On the other 
hand, it is known that pentoses can be produced by degradation of 
hexoses (by the intermediary of hexuronic acids). According to Spoehr, 
Smith, Strain and Milner (1940), albino maize plants provided with su- 
crose as the only source of carbon, produce uronic acids and pentosans 
from this food. This supports the opinion of those authors, including 
Ravenna (1911) and Tollens (1914), who believed that pentoses in plants 
are secondary products of transformation of the hexoses. The pentosans 
deposited in the cell walls and wood fibers must be produced there from 
products transported by the sap, which usually contains only glucose, 
fructose and sucrose (and no free pentoses). 

Bibliography, page 57. 


THE CARBOHYDEATBS 


39 


(b) Hexoses (Monosacchandes) 

Among tke compounds of this group, glucose and fructose are most 
widely distributed in plants. They are found in the sap of practically 
all leaves (as first proved by Brown and Morris in 1893) in quantities 
which depend on species as well as on the previous treatment of the plant. 
Starvation may reduce their concentration to zero, while intense photo- 
synthesis may raise it to 10 or 15% of the dry weight of the leaf. Free 
fructose is sometimes more abundant than free glucose; Brown and 
Morris (1893), for example, found in Tropaeolum majus lemes four times 
more fructose than glucose, and Gast (1917) found up to eight times 
more in leaves of five different species. Equal quantities of glucose and 
fructose are contained in cane sugar (sucrose), which is present in all 
green leaves, while the most common highly polymeric carbohydrates, 
starch and cellulose, are built entirely of glucose units, thus making the 
latter the most abundant single organic compound on earth. 

It is often forgotten that the photosynthesis by higher plants is far 
inferior, in its yield, to the photosynthesis by the microscopic organisms 
of the plankton. The tendency to extend to the whole plant world con- 
clusions reached in the study of the highly developed land plants, is not 
without its danger. It is therefore important to note that hexoses have 
been found also in many algae, although no systematic inf orlnation about 
their distribution in those organisms is as yet available. 

Hexoses other than glucose and fructose are rare in green plants. 
Clements (1932) was unable to find mannose in leaves of 42 species. 
Galactose is only encountered in the esterified form, as galactosides, or 
in condensation products with other sugars; while sorbose was definitely 
identified only in fruit juices. 


Glucose (and other aldohexoses) act chemically as mixtures of three or four different 
tautomeric forms. 



A 

B 
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: D 

1 
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CHOH 
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CHOH — 1 
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■ CHOH — 
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CHOH 

1 

j 

CHOH 

1 

in — ^ 
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CHOH 

1 


CHsOH 

CHaOH 

■ CH 2 OH 


CH 2 OH 


Open-chain 

Enol form 

1 ,5-GIucopyranose 

1 ,4-Glucof uranose 


aldehyde 

(Fischer 1895) 

(<x- and |3-giucose) 

( 7 -ghicose) 


(Baeyer 1870) 


(Haworth 1926) 

(Tollens 1883) 


Formulae SI » Tautomers of GIucobo 


The most stable structure is the six-membered ring 0. These formulae describe 
all aldohexoses; the particular spacial arrangements characterizing the a- and j^-giucose 
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are best brought out by Haworth^ prospective formulae: 

8#ta 

-k 

H HOX 



H CH^OH H CHajW . . 

Formulae $JL «- and ^-Glucme 
(cK- and ^“glucopyrauoses) 

In iS-glucose, ali substituents are in trans-positions, which probably gives the lowest 
energy and highest stability. 

Fructose is a 2-ketohexose, with the five possible stnictur«: 
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1 
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CHOH 

j 

5 

CHOH 

1 

CHOH 
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CHOH 

1 

CHOH 
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6 

CH 2 OH 

CH 2 OH 

CH 2 OH 

CHOH — 


CHtOH 


Open-chain 

1,2-Enol 

2,3-Bnoi 

2,6-Fructo- 

2,5-Fructo- 


ketone 

form 

form 

pyranose 


furanose 



Formulae SJIL 

TautonmB of Frmlme 




Of the two enols, Bi is identical with the enol of glucose; this relation is responsible 
for the slow interconversion of glucose and fructose in alkalme solutions. The di- 
phosphates of these two sugars also are identical, and this mast be important for their 
interconversion in living plants. 

In polymerization, glucose usually acts in the pyranoid form, whereas fructose 
more often enters into polymers in the form of a five-membered furanoid ring. 

All hexoses in plants are optically active and belong to the d-series. 
This shows that asymmetric synthesis takes place in the course of the 
reduction of carbon dioxide, probably through the intervention of an 
asymmetric enzyme. 

Mention must be made also of inositols, carbocyclic compounds which 
are isomeric with hexoses, (c/. Formula 3. IV), taste sweet and are included 
in the general classification of sugars under the name of “cycloses.” 
Inositols are widely distributed in plants (particularly in seeds), and have 
been identified in leaves, e. g., by H. Muller (1907), Tanret (1907) and 
Curtius and Franzen (1916) in quantities of about 0.05% of dry weight. 
Interesting is the pJiytin, a calcium-magnesium salt of inositol phosphate, 
CeHe- []0P0(0H)2(]6, which was found in green leaves by Curtius and 
Franzen. 
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H 2 COH 
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H 

Formula 3JV. Inositol 


(c) Disaccharides 

Glucose and fructose are the constituents of the most common dimeric 
and polymeric sugars. The relationships between these compounds are 
represented by the following scheme: 


Monosaccharides : 

Disaccharides: 

Polysaccharides: 

Sucrose is the most common disaccharide in green leaves; its concen- 
tration often exceeds that of the free hexoses (c/. Table 3,III), Sucrose 
is a product of condensation of one molecule of a-glucose in the pyranoid 
form and one molecule of fructose in the furanoid form: 

(3.4) a-Glucopyranose + fructofuranose > sucrose + water 


Glucose- 

Maltose 

i 

Starch, 

Cellulose 


Sucrose 


-Fructose 


Inulin 



Since starch occurs regularly in a large proportion of leaves, one 
would also expect to find maltose which is an intermediate between 
starch and glucose. The molecule of maltose contains two glucopyranose 
units bound by an oxygen “bridge.” Brown and Morris (1893) found 
0.7— 5.3% and Gast (1917) up to 1% maltose in Tropaeolum leaves; but 
Davis, Daish and Sawyer (1916) identified it as a product of hydrolysis 
of starch during the slow drying of the leaves. If leaves are Mled 
rapidly, no maltose is found in them. Davis (1916) and Daish (1916) 
showed that leaves contain maltose, which hydrolyzes maltose to glucose, 
and attributed to this fact the absence of maltose in living leaves. 
However, the presence of diastase, which hydrolyzes starch, (c/. Brown 
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and Morris 1893, Sjoberg 1922) and of invertase, which splits sucrose 
into fructose and glucose (Robertson, Irvin and Dobson 1909), does not 
prevent leaves from containing large quantities of these polysaccharides. 
The relative quantities of different monosaccharides and poly.saccharides 
in living plants must be determined by the rates of their formation and 
decomposition, which depend on the available quantities of different 
enzymes and the distribution of the latter in the ti.s.sue. 

(d) Polysaccharides 

Among the polysaccharides and their derivatives which occur in very 
large quantities in plants, some (for example the cellulose of the higher 
plants, and the alginic acid of algae) are too inert or too far removed from 
the site of photosynthetic activity, to be suspected of a direct relationship 
to photosynthesis. Starch is the only polymeric carbohydrate whose 
association with photosynthesis is evident. The occurrence of starch 
grains in chloroplasts, i. e., plant organs primarily concerned with photo- 
synthesis, has been known since 1837, w'hen von Mohl fii-st observed 
the chloroplasts under the microscope. Boehm (185(5) confirmed that 
these grains consist of starch, by the well-known iodine color test. Gris 
(1857) noticed their growth during the day and dissolution during the 
night, and Sachs (1862, 1863, 1864) first postulated their direct associ- 
ation with photosynthesis. In a famous experiment, Sachs exposed one- 
half of a leaf to the sun and kept the other covered, and showed that 
after some time only the exposed half gave the color reaction with iodine. 
Pfeffer (1873) and Godlewski (1877) completed the proof by showing 
that no starch is formed by leaves illuminated in absence of carbon 
dioxide. 

As mentioned above, starch is a high polymeric form of glucose; it 
contains, in the native state, a small proportion of phosphoric acid (about 
0.1% PsOs) which is probably important for its enzymatic transforma- 
tions.. As in maltose, the a-glucose molecules in starch are bound to- 
■'gether by oxygen bridges: 



A similar ehain of jS-glucose molecules forms the basis of the structure 
of cdlvlose . ' 

Most of our knowledge of starch has been derived from the study of 
storage materials in seeds, tubers and roots; recently the preparation and 
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properties of leaf starch have been described by Spoehr and Milner (1935, 
1936). 

Grafe and Vouk (1912, 1913) and Melchior (1924) found that in some 
plants inulin replaces starch. Inulin is a polymer of fructose, constructed 
from fructofuranose units, in the same way that starch is built up from 
glucopyranose units. Varied reserve materials are encountered in algae. 
Starch is found in green and red algae (Chlorophyceae and Bhodophyceae) ; 
and glycogen (a form of starch common in animals) in blue-green algae 
{Cyanophyceae). Brown algae {Phaeophyceae) store pentosans and 
fucosans. 

2. The Photosynthetic Formation of Oils and Proteins 

All storage materials mentioned so far were carbohydrates. How- 
ever, many algae, particularly the diatoms (Bacillariophyceae), but also 
some green algae (Vaucheria), store oils ovfais instead of carbohydrates 
(Beijerinck 1904). In addition, the chromoplasts of most algae contain 
so-called pyrenoids, peculiarly shaped bodies (c/. page 357), usually con- 
sidered as masses of reserve proteins surrounded by starch sheaths. 

It has sometimes been suggested that these reserve materials may 
represent the direct products of photosynthesis in algae. Bond (1932) 
thought for example that diatoms may produce fats directly by photo- 
synthesis, according to the equation: 

Ught 

(3.6) 55 CO 2 -f- 52 HjO — > CsjHioiO. + 78 O* 

However, we have seen (page 34) that the photosynthetic quotient of 
an oil-storing diatom was found to be not larger than 1.05, while equatoin 
(3.5) would require a value of 1.42. Thus, the oil deposits of the diatoms 
— and probably the fat and protein stores of other algae as well — must 
be considered as products of comparatively slow secondary transforma- 
tions not directly associated with photosynthesis. 

Oily drops have been observed not only in algae, but also in the 
leaves, of some higher plants. Briosi (1873) suggested that these drops 
are produced directly by photosynthesis; however, his conclusions were 
criticized by Holle (1877) and Godlewski (1877). 

Meyer (1917) observed, in illuminated leaves of Tropaeolum majm 
the temporary formation of what he described as “droplets of an assimi- 
latory secretion.” Later (1918) he suggested that oil drops formed in 
some green algae (e. g., Vaucheria terrestra) are of a similar nature, and 
proposed that this “assimilatory secretion” be considered as an immedi- 
ate product of photosynthesis. From observations of its chemical 
behavior (1917*), he concluded that it is not a fat, but may possibly 
consist of hexemldehyde, a compound whose presence in green leaves 
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was at that time investigated by Curtins and Franzen (cf. page 252). 
Hexenaldehyde has the formula CeHjoO, and its formation by photo- 
synthesis should lead to a photosynthetic quotient of 1.33. In addition 
to this hi gh photosynthetic quotient, not confirmed by experiments, two 
other arguments speak against Meyer’s interpretation. In the first 
place, the quantity of hexenic aldehyde, found by Curtins and Franzen, 
is much too small to account for the large volume of Meyer’s “photo- 
synthetic secretion.” In the second place, even this small quantity has 
recently been proved to be of a secondary origin, being apparently 
formed during the steam distillation of the leaf material (page 254). It 
seems probable that Meyer’s “oil drops” were the so-called “grana,” 
whose occurrence in chloroplasts was first postulated by Sleyer himself 
in 1883 and recently confirmed by many other observers {cf. Chapter 14). 

3. The First Products of Photossmthesis and Their Transformations 

Having satisfied ourselves that no direct photochemical formation of 
fats or proteins needs to be postulated on the basis of available experi- 
mental material, we may now return to the problem of the “first carbo- 
hydrate,” mentioned on page 38. This role has variously been claimed 
for glucose, sucrose, inositol and starch, usually on the basis of experi- 
ments on the absolute and relative concentrations of these carbohydrates 
in plants at different times of the day and season of the year. Both the 
concentration of soluble sugars in the cell sap and the quantity of solid 
starch in the chloroplasts, undergo wide variations with the intensity 
of photosynthesis. They may be reduced to zero by starvation, and can 
rise to 20 or 30% of the total dry weight after a period of intense photo- 
synthesis, particularly if translocation is interrupted, as in detached 
leaves. Brown and Morris (1893) found, in the leaves of Tropaeolum 
majus attached to the plant, 9.7% sugars and 1.2% starch at 5 a.m. and 
9.6% sugars and 4.6% starch at 5 p.m.; but if the leaves were detached 
at 5 A.M. and left in sunlight until 5 p.m., the concentration of sugars 
increased to 17.2%, while that of starch was 3.9%. 

Numerous authors have determined the relative quantities of glucose, 
fructose, and sucrose in leaves, and the changes in these ratios caused by 
starvation and illumination; and several of them, e. g. Perrey (1882), 
Brown and Morris (1893), Parkin (1911), Mason (1916), Davis, Daish 
and Sawyer (1916), Davis and Sawyer (1916), Gast (1917), and Venezia 
(1938) have arrived at the conclusion that the disaccharide sucrose pre- 
cedes the monosaccharides in the order of synthesis. They based this 
conclusion either on the more widespread occurrence and larger absolute 
quantity of sucrose in leaves, or on the observation that the concentration 
of sucrose follows more closely the diurnal cycle of photos 3 Tithesis. 
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However, the primary formation of a disaccharide seems implatisible 
a priori, and authors who argued in its favor, have neglected the rapidity 
with which the primary product of photosjmthesis may undergo enzymatic 
isomerizations and polymerizations in leaves which are equipped with 
invertase, diastase, maltase and other carbohydrate-transforming en- 
zymes. Priestley (1924), Stiles (1925), Spoehr (1926), and Barton-Eight 
and Pratt (1930) stressed the fact that the way in which the leaves are 
killed (by freezing, drying, boiling, or immersion into alcohol) affects the 
analytical results, thus proving that extensive enzymatic transformations 
can take place even during the preparation of the material. Dixon and 
Mason (1916), Priestley (1924) and Spoehr (1926) pointed out that a 
mechanism for rapid enzymatic conversion of primary products (e, g., 
hexoses) into storage materials (and sucrose may be a soluble storage 
material) can keep the concentration of the primary products approxi- 
mately constant, while that of the storage materials rises and falls with 
the intensity of photosynthesis. Contrary to the experimental results 
of the above-mentioned investigators, others — notably Weevers (1924), 
Tottingham, Lepkovsky, Schulz and Link (1926), Clements (1930), 
Barton-Right and Pratt (1930) and Kretovich (1935) — have obtained 
analytical evidence favoring the conclusion that the monosaccharides 
precede the more complex sugars in organic synthesis. Weevers (1924), 
for example, found both glucose and sucrose in the green (i. e., photo- 
synthetically active) spots of variegated leaves, and only sucrose in the 
yellow spots. The same author observed that when a leaf of Pelargonium 
was deprived of all its sugars by starvation for 48 hours, the first sugar 
to appear upon illumination was glucose, which was only later followed 
by sucrose and starch. Clements (1930) and Barton-Right and Pratt 
(1930) found by hourly analyses extending from sunrise to sunset, that 
glucose predominates in leaves early in the morning, while sucrose begins 
to accumulate (and often surpasses glucose in concentration) later in the 
day. These experiments support the plausible assuniption that disac- 
charides are secondary products formed by condensation of simple 
hexoses. On the other hand, Smith (1944) has again found, in extending 
to several hours the duration of his experiments on the fate of carbon 
assimilated in sunflower leaves (cf. page 37), that sucrose (and starch) 
are formed immediately upon the beginning of illumination, while the 
relative quantity of monosaccharides is at first very small, and increases 
with time (e. g,, from 4% of total carbohydrates after 27 minutes of 
illumination to 22% after 146 minutes). He concluded that the primary 
product of photosynthesis is a common precursor of sucrose and starch 
(perhaps a hexose monophosphate), and suggested that the free mono- 
saccharides found in the cell sap are secondary products, formed by the 
hydrolysis of sucrose. 
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'Tiiere does not seem to be any basis for arfniag wbetber friictoee and g!iic(» are 
' ' , independent products, or whether one is a '‘‘primaiy" and the other a '^econdaty” 
sngar. Some leaveS' contain more free giucoro, Othew more free fructose; while glucose 
usually predominates in the polymeric carfodhydmtes* Endo (1936) foiinii only glucose 
in some green algae {C odium laium}i and only fruct{» in others (Cladophwa Wrighiiam) , 
In vitro, glucose, fructose and manner are interconvertible in alkaline solutions (the so- 
called Lobry de Bruin-van Bckermtein reaction). This conversion, m^hicli is supposed 
to proceed through the intermediary of the enols Bi and (Formula 3JII), inevitably 
produces a certain proportion of mamK^e. The leaf cells are not alkaline, but noiitra! 
or acid; and the leaves apparently contain no mannose (pa^ 39). These facts have 
been used as arguments against the gluci^e-fructose interconversion in the leaves. 
However, Spoehr and Strain (1929) showed that in pr^^nce of sodium phosphate the 
interconvemion can be achieved, in vitro, also in neutral or even slightly acid solution. 
Fructose,^ kept at 37° C. in slightly acid NagHPOi solution (pH 6.7} was found to 
contain, after 165 hours, 8.5% mannose and 28% glucose. 

An enzyme (isomerase) is known which converts glucose monophosphate into 
fructose monophosphate; while the diposphates of these two sugars are identical. Thus, 
the interconversion in living plants probably occurs by a combination of phosphatiza- 
tion with the action of specific enzymes. 

In addition to glucose and fructose, the distinction of being the first 
Ca products of photosynthesis was claimed also for the inositols. Grato 
(1892) and Kogel (1919) suggested that these cyclic compounds, con- 
sisting entirely of HCOH groups, are the parent substances of all other 
^sugars in plants. (Gardner (1943) suggested that the first carbohydrate 
formed by photosynt&esfs may Be the triose, glycerddehydc; but the only 
basis for this hypothesis was that trioses are the last carbohydrates which 
occur in respiration (cf. Chapter 9, page 223). 

^ If it is implausible that disaccharides could precede raonosaecharides 
in the synthesis of carbohydrates, it is, a fortiori, even less probable that 
starch could be formed directly by photosynthesis (as has occasionally 
been suggested, e. g., by Baly). True, one could conceive of a mecha- 
nism of photosynthesis in which new — (DHOH links would be added to 
a chain, growing from some carrier molecule, and hexoses and other 
simple sugars would be produced by an enzymatic breakdown of these 
chains only after they have grown to a considerable length. It is, how- 
ever, unlikely that this hypothetical intermediate long-chain product 
should be identical with leaf starch. The prevailing opinion is that the 
latter is only a temporary storage product, deposited in the chloroplasts 
during intense photosynthesis, when more sugar is formed than can be re- 
moved by translocation. Sapozhnikov (1889, 1890, 1891, 1893) found 
that^^ached leaves of Vitis vinifera and Idbrusca can accumulate up 
to 25-50% dry weight in starch before becoming ''choked'" with this 
product. According to Winkler (1898) the formation of starch grains 
sets in when the concentration of glucose exceeds 0.2%, and reaches a 
^ maximum at 10% glucose in the leaf sap. 
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In addition: to ^^eommon-sense’^ arguments against the direct forma- 
tion of starch by photosynthesis, the fact that many plants do not 
contain any leaf starch at all, also favors this conclusion. It has been 
known since Meyer (1885) that starch is less common in the leaves of the 
monocotyledons, than in those of the diobtyledons. Another argument 
in favor of starch formation as a secondary process which is not a part 
of photosynthesis proper, is the capacity of plants to convert artificially 
supplied sugars (or similar compounds) into starch, without the help of 
light. 

The starch synthesis and starch dissolution (amylolysis) in leaves must be consid- 
ered a part of the ‘^second stage of plant nutrition, which follows photosynthesis proper. 
Important advances in this field have become possible by the successful enzymatic 
synthesis of glycogen from glucose phosphate by Cop and co workers. However, it 
would lead us too far to enter here into this complex matter. Spoehr and Milner 
(1939) have studied the effects of oxygen, carbon dioxide, water and temperature on 
the rate of dissolution of starch amylolysis in vivo. (These effects are important for 
photosynthesis because they influence the mechanism by which the stomata of the 
higher plants are opened and closed, thus regulating the supply of carbon dioxide to 
the chloroplasts, c/. page 334.) Spoehr and coworkers (1940) also initiated a study of 
the organic nutrition of albino plants to establish the food requirements of plants which 
have been denied the possibility of preparing their own food from the air. Obviously, 
studies of this kind can indirectly help in the identification of the first product of photo- 
synthesis. Glucose and other sugars can supply the plants with all their food require- 
ments (except for nitrogen and mineral elements assimilated through the roots), so that 
the formation of hexoses constitutes an entirely suffiderd interpretation of the over-all 
reaction of photosynthesis; but whether it is also the minimum possible explanation, 
is another question. 

At the present stage of our knowledge, all processes from the moment 
of the entrance of carbon dioxide into the plant to the completion of 
sugar synthesis must be included into the “over-all reaction of photo- 
synthesis,” which thus becomes 

(3.6) 6CO2 + 6H2O- CsHisOe -1 - 6 O2 

We will often use the abbreviated equation 

(3.7) COj + HsO- — — » iCH201 -h O 2 

where {CH 2 O} stands for a generalized link in a carbohydrate chain. 

. '-C. The^Eneegy OF Photosynthesis** 

From the time of Robert Mayer, it was known that photosynthesis 
converts light into ehemical energy. The energy stored in this way is 
equal to the heat of combustion of the primary products of photosynthesis. 
In the first approximation, the heat of combustion of organic compounds 
containing carbon, hydrogen and oxygen, depends only on their level of 

* Bibliography, page 59. 
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reduction (cf. Chapter 9). liable 3.IV shows how rapidly the heats of 
combustion rise with the pr<^ess of reduction. Photosynthe.sis lifts the 
stable “food” of the plants, pO» + HsO, to the carbohydrate level, as 
indicated by the arrow on theleft side of table 3. IV. Starting from this 


ITabm 3.IV 

The Foot ReotxctiOn LsvEm of Caeboh Dioxide, 


Keduetion staije 

of boiicls 

Heat of com- 
bustion (in the 

C--0| 

0—0 

C— H 

1 

0— li^ 

gaseous state) 
to I-W) (liq.) 
and COg (gas) 
Ai/c» kcal/mole 

1. Carbon dioxide 

CO2 + 2H2O 

.4 ■ 

0 1 

' 0 

4 

0 

Formic acid 

HCOOH + IMH2O+MO2 

3 

1 i 

1 

3 

•74 

Formaldehyde 

CH2O + H2O + Os 

2 

2 

2 

2 

134 • 

4. Methanol 

CHsOH + HsO + IM Os 

1 

3 

3 

1 

183 

6. Methane 

CH4 + 2OS 

0 

4 

4, 

' 0 

211 


level, the plants produce compounds whose energy eonfent is higher 
than that of the carbohydrates (e. g., alcohols and fats) without fur- 
ther supply of external energy, by dismtdaiionSj that is, reactions in 
which one part of the carbohydrates is oxidised enabling another part to 
be reduced. 

If formaldehyde were the first product of photosynthesis (as suggested 
by Baeyer in 1870), the heat effect of this process would be close to 135 
kcal per gram atom of assimilated carbon. However, the formaldehyde 
hypothesis has never been proved and is now considered improbable 
(cf Chapter 10). Whether photosynthesis involves the formation of 
another reduction intermediate with an energy content as high as that 
of formaldehyde is unknown. The same can be said of the often pos- 
tulated formation of a peroxide as precursor of free oxygen (cf. Chapter 11), 
which would add approximately another 45 kcal to the chemical energy 
accumulated in the first stage of photosynthesis- If both an unstable 
, aldehyde and an unstable peroxide were among the immediate products 
of photosynthesis, the true heat effect of this process would be as high 
as 180 kcal per mole of reduced carbon dioxide. However, by the time 
the synthesis reaches an analytically recognimble stage — that of sugar 
and oxygen ^the energy accumulation has been stabilized at about 112 
kcal per mole. As shown by table 3.V, this value does not depend greatly 
on the exact nature of|the|‘^^firstf sugar.'' Formaldehyde is less stable 
by about 23 kcal than an HCOH link in a long-chain carbohydrate; 
when we pass from this ‘‘monose" to a ^^biose" (glycolaldehyde), and 
further to ^^trioses" (for example, glyceraldehyde), tetroses, pentoses and 
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Enehgies (AHg) and Fbbb Energies (aFc) of Combustion of Carbohydrates 
TO Liquid H2O and CO 2 04s, at 25° C. 


Compound 

Formula 

State 

— AHo, 
kcal per 
gram 
atom 
carbon 

Observer® 

— AFe per. gram 
, ■ atom C 

toHaO 
(L), COi 
0 atm.) 

to H 2 O 
(1.), 

(3 X 10-^ 
atm,.) 

Formaldehyde 

ECHO 

gas 

134.1 

W.L. 

124.6 

129.4 

Formaldehyde, 







IM/l 

(HCHO),„. 

solution 



119.7 

124.5 . 

Para-formaldehyde 

(HCHO)^ 

solid 

122.1 

D.; W.M.R. 



Glyceraldehyde 

CgHeOa 

solid 

112.7 

N.H.J. 



Arabinose 

CsBioOs 

solid 

112.0 

KP. 



Xylose 

aH.oOe 

solid 

112.1 

K.P. . . 1 



tK-Giucose 

CeHijO. 

solid 

112.3 

S.KL.;K.F. 

115.1 

119.9 

a-Glucose, 1 M/L 

(CfiHiaOs) aq. 

solution 

✓ 



114.8 

119.6 

Fructose 

0,H,20e 

solid s 

112.6 

111.8 

S.L. 

E.B. 



Galactose 


1 solid ' 

111.7 

K.F. 



Sucrose 

Ci2H2aOn 

1 solid 

112.5 

V.K. 

115.0 

119.8 





V.F. 



Maltose 

C 12 H 22 O 11 

solid 

T 12.3 

K.N.N.W. 



Starch 

(C,Hio02)n 

solid 

112.8 

S.L. 



Cellulose 

(C.H,o05)„ 

solid 

112.9 

S.L. 



Inulin 

(CsHioOsln 

solid 

113.1 

K.F. 




(|S97), E.B. = Emery and Benedict (1911), K.P. « Karrer and Fiororii (1023), 
Nageli, Hurwitz, Walti (1921), N.H.J. » Neuberg, Hoffmann, Jacoby (1931), 
B,K,L. « Stohmann, Kleber, Langbein (1890), S.L. = Stohmann, Langbein (1892), V.K. * Verkade. 
Koops (2,923), W.L. = v. Wartenberg, Lerner-Steinberg (1925), and W.M.R. *= v. Wartenberg, Much- 
lewski, Riedler (1924). 

^ Figures from G. S. Parks and H. M. Huffman, The Free Energies of Some Orpawtc Oompounds. 

hexoses, the comparatively high energy of the keto group is rapidly 
^ diluted'' by the lower energies of the alcoholic groups, until a limiting 

value of about 112 kcal per link is reached. (The heats of combustion 
of the inositols, the only compounds consisting entirely of HCOH groups, 
have not yet been determined.) 

The standard bond energy table (c/. Table 9.II) shows that the 
endothermal character of photosynthesis has a double origin. In the 
first place, the C— H bond is less stable (by 12 kcal) than the 0— H 
bond, so that the hydrogen atoms have’to’be transferred, in photosyn- 
thesis, from a stronger to a weaker bond. In the second place, the 
C=0 double bond in carbon dioxide (which has to be “opened" in 
photosynthesis) is more stable (by as much as 72 kcal) than the 0=0 
double bond formed in this process. The weakness of the 0=0 double 
bond is the most important cause of the tendency of most elements for 
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oxidation, and of the difficultiy of reversing this oxidation and expelling 
oxygen from oxides or organic oxygen compounds. 

The values of AFo in the last two columns of table 3.V, serve to illus- 
trate the statement, made in chapter 1 (page 3) that the increase in free 
energy in photosynthesis is even larger than the increase in total energy, 
particularly if AF is calculated not for the “standard” pressure of one 
atmosphere, but for the actual partial pressure of carbon dioxide in the 
air, 3 X 10“* atm. (Only for formaldehyde vapor AF# is smoffer than 
Aff„, because in this case two gases, H2CO and Os, are converted into 
one gas, COs, and a liquid, HsO, thus decreasing the molecular disorder.) 

Of course, an increase in free energy is possible only because photo- 
synthesis is not a spontaneotis process in a closed system, but a photo- 
■ chemical reaction, maintained by a continuous supply of light energy 
(to make the system complete, the sun should be included in it). 

To sum up, table 3.V makes it probable that photosynthesis proceeds 
with an accumulation of at least 112 kcal per mole of reduced carbon 
dioxide: 

lig ht. 

(3.8) CO 2 + H 2 O {CH 2 OI +0,-112 kcai 

plaat 

and, in the free atmosphere, with an increase in free energy by about 120 
kcal per mole. 

In thennochemical equations, we will conform to the usm^ and designate the 
enwgy by a minus sign, and the released energy, by a plus sign. On the other 
nand, the heat effect aB of a reaction shall be considered as positive for endotherma! 
Md native for exothermal reactions, in accordance with the notation of I.ewis and 
Jtandall. In other words, the figure — 112 kcal in equation (3.8) represents minus AIIc. 

The efficiency of photosynthesis as an energy-converting process 
depends on the amotmt of light required for the reduction of one mole 
of the substrate. Much study has been devoted to this problem (which 
will be discussed in:)^in, Chairs 28 and 29). , Anticipating the results 
■we can state that the average c<mveErsion yield in direct sunlight is of the 
order of 3% of the absorbed light energy, or 2% of the incident \asible 
hght; but in weak light and in presence of ample carbon dioxide it may 
rise to as much as 30%. This indicates that the low energy conversion 
observed under natural conditions is caused by a limited capacity of the 
photosynthetic apparatus and consequent dissipation of energy absorbed 
in excess of this capacity, rather than by an obligatory utilization of a 
large part of light energy for the activaiion of the chemical process of 
photosynliiesis. Fundamentally, the photosynthetic mechanism is cap- 
able of converting light into chemical enei^ with an efficiency of not less 
than 30%, and perhaps more. This is a much higher efficiency than has 
ever een achieved in photochemical processes in the laboratory (except 
lor reactions which take place Only in ultraviolet light). 
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'■ ' An even more striking cliaracteristic of photosjmthesis has been claimed by Spessard 
(1940), who asserted that photosynthesis results in conversion of light into matter/^ 
His experiments purported to show that a sealed vessel containing photosynthesizing 
plants increases in weight with the^ogress of photosynthesis, and certainly will receive 
a less spectacular, explanation. A l) / M 

D. Photosynthesis as a Sensitized 
Oxidation-Reduction* 

After having described the over-all chemical reaction of normal 
photosynthesis by equations (3.6) and (3.7), we will now assign to this 
reaction its proper place in the general classification of chemical reac- 
tions, by identifying it as a sensitized •photochemical oxidation-reduction^ 

When the first light was thrown on the c hemistry of photosynthe sis _ 
by the investigations of Ingen-Housz and Senebier, it appeared as “de- 
compoMtion of fixed air” (i. e., carbon dioxide) with the oxygen escaping 
into the air, and carbon retained by the plants. Even when de Saussure 
in 1804 added water to the reaction components, he did not doubt that 
all oxygen liberated in photosynthesis was the product of decomposition 
of carbon dioxide, while the role of water was vaguely described as “con- 
tributing its elements” to the formation of organic matter. Later, the 
“decomposition” of carbon dioxide was generally recognized as a re- 
duction of this compound, and different paths of reduction were devised, 
e. g., by Liebig (1843) and Baeyer (1870). According to Liebig, the planl 
adds — oxalic, malic, succinic, tartaric — are the main intermediates in 
the reduction, of carbon dioxide to carbohydrates; while according to 
Baeyer, formic acid and formaldehyde are the two main stepping stones 
in this reduction. The question of the way in which water participates 
in the reduction was left aside by both authors. ' . - , i i 

However, some chemists have looked on photosynthesis from a dif- 
ferent angle. As early as 1864, Berthelot suggested that water is decom- 
posed by photosynthesis into hydrogen and oxygen, while carbon dioxide 
is dissociated into carbon monoxide and oxygen, after which the two 
products unite to form a carbohydrate, 

(3.8a) CO + Hj— — > {CHjO} 

Although this theory was vague, it clearly made both carbon dioxide 
and water subjects of primary transformations in photosynthesis. Fifty 
years later, Bredig (1914) and Hofmann and Schumo elt (1916) tumecj 
the spotlights entirely on the tranaormation'orwater. They suggeste^l 
that the primary effect of light ih photosynthesis is the decomposition if 
water into oxygen and hydrogen.. The former escapes into the atmospheri, 
while the latter reduces carbon dioxide to the carbohydrate level (by a 
secondary process, not specifically defined). • ' 


‘ Bibliography, page 60. 
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WiHjstatter and Stoll (1918) wem opposed to coaeepts of this kind. 
They thought that the exact equivalence between the consumption of 
carbon dioxide and the evolution of oxygen can be understood only if 
one assumes that oxygen originates in the decompomtim of mrhon dioxide^ 
or, since water has to be given a place in the scheme, in the decomposition 
of carbonic acid: 

light 

(3.9) HsCOs ^ -f I CH 2 O I 

plant 

These three schemes of photosynthesis: (a) decomposition of carbon 
dioxide (with a subsequent reaction of one of the products with water) ; 
(&) decomposition of wader (with a secondary reaction between one of the 
products and carbon dioxide); and (c) decomposition of carbonic acid 
(after a preliminary combination of CO 2 and H 2 O to H 2 CO 3 ), have been,, 
widely used in the literature; but it was some time before it became 
clear that all three of them implied, without telling it in so many words, 
that photosynthesis is an QxidatiQn-tedvfitioii reaction between carbon 
digxi^ and water. That photosynthesis is a reduction of carbon dioxide,. 
was generally acknowledged; but that reduction presupposes a reductant 
and that in photosynthesis the only possible reductant is water (which 
is oxidized to oxygen) was ignored. It seemed strange to call “ oxidation ” 
a process in which free oxygen is produced; but the removal of hydrogen 
from the water molecule is oxidation by any general definition of this 
term. In the above-mentioned scheme (a), carbon dioxide is reduced to 
carbon, and the latter “hydrated” by water,) a process which seems to 
imply no oxidation at all. -^In scheme (c), of Willstatter and Stoll, neither 
the hydration of carbon dioxide to carbonic acid, nor the decomposition ^ 
of carbonic acid into formaldehyde and oxygen, seems to bear the charac- 
ter of oxidation-reduction. However, both the “hydration” of C to 
H 2 CO^and the decomposition” of H 2 CO 3 into H 2 GO and O 2 , involve 
transf^s of hydrogen adorns from oxygen to carbon, and this is the mark of 
an oxidation-reduction, even if the transfer occurs intramolecularly, i. e., 
between two atoms belonging to the same molecule, and not inier- 
molecularly, as in typical oxidation-reduction reactions. To say that 
photosynthesis is an oxidation-reduction reaction between water and 
carbon dioxide, is not to suggest an hypothesis, but to make a statement 
of fact. 

In recent years, the mechanisms of many biological oxidation-reduc- 
tions have been elucidated, and the transfer of hydrogen atoms (or elec- 
tions, cf. page 219) from molecule to mplecule, has emerged as the most 
important elementary act in these process. Thus Wieland (1913, 1914) 
explained respiration as the transfer of hydrogen atoms from a substrate 
(glucose, for instance) to oxygen; and Kluyver and Donker (1926) and 
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Kluyver (1930) interpreted different anaerobic fermentations as similar 
transfers of hydrogen to acceptors other than oxygen. ... 

The hypothesis that photosynthesis can be placed alongside with ,; 
other biological oxidation-reductions and interpreted as an intermolecuhr 
exchange of hydrogen atoms between water and carbon dioxide, was first 
discussed by Thunberg (1923), but the credit for its clear formulation, 
based on the analaysis of the metabolism of sulfur bacteria (which wdll 
be discussed in chapter V), belongs to van Niel (1931). Starting from 
Kluyver and Donjser’s generalization of Wieland’s ideas, *^an Niel pro- i 
claimed photosynthesis to be a hydrogen transfer from water to carbon f 
dioxide in the higher plants, and from other hydrogen “donors” to carbon I 
dioxide in bacteria. 

In spontaneous metabolic processes, the transfer of hydrogen atoms 
(or electrons) always occurs “downhill,” that is, in the direction of 
decreasing oxidation-reduction potentials. The substance with higher 
(more positive) potential yields its hydrogen to the substance with the 
lower (more negative) potential./ In photosynthesis , which is the reverse 
of respiration, the hydrogen atoms must be moved “uphill,” from a 
system with a lower potential— O 2 / H 2 O — to the system with a higher 
potential— C 02 /{CH 20 }— light being^ relied upon to ^e fEeloicessary 
“ push^ ” ' ~~ ■ ^ . 

" The reduction of carbon dioxide to the carbohydrate level requires 
the hydrogenation of two C=0 double bonds, and thus the transfer of 
/oMj- hydrogen atoms: 


(3.10) 


0=C=0 + 4H- 


->UO- 


H 

-C- 

H 


-OH 


The primary product of photosynthesis, according to (3.10) is formal- 
dehyde hydrate. However, van Niel’s theory does not require the forma- 
tion of this compound as an intermediate in photosynthesis, since it can 
equally well be applied to the reduction of a larger molecule (e. g., of a 
carboxylic acid, R-COOH), into which CO 2 has been incorporated in a 
preliminary reaction step/- » 

The four hydrogen atoms required in (3.10) can be provided by either 
too or /our water molecules: 

i3.ll) 2HjO — or ■ , 

(3.12) 4 H 2 O > 2 H 2 O 2 + 4 H — > O 2 + 2 H 2 O -+■ 4 H 

The over-all reaction of normal photosynthesis becomes, with (3.11): 

(3. 13) CO 2 - 1 - 2 H 2 O HsC (01^ + O 2 - — {CHjO } •+ H,0 + Ot 

and with (3.12): 


(3.14) 


CO 2 + 4 H 2 O- 


->HjC(0H)2q-2H20-}-0s 
-> {CHjO} +3HjO-l-Oj 
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We prefer ttie second alternative, because the probability of one water | 
molecule losing both its hy(ir<^n atoms in succession peems to be smaller i/ 
that of two different water molecules contributing one hydrogen 
tli« rfimaininff hvdrorv! radicals reactina’ to water and 


atom each (and the remaining hydroxyl radicals reacting to water and 
oxygen). jOne of the two water molecules which enter reaction (3.13), 
y"and three of the four which enter reaction (3.14), are recovered at the 
end, tod could be cancelled out in the equations, if it were not desirable 
to underline that hydrogen atoms from several water molecules partici- 
pate in the reduction of one molecule of carbon dioxide. 

If we add the “intermolecular hydrogen transfer” theory as scheme 
(d) to the three schemes listed on p^e 52,''4nd consider the origin of 
oxygen according to all four of them, we find that only the oldest scheme, 
(a), suggests that all oxygen comes from carbon dioxide; schemes ( 6 ) and 
(d) predict that all of it should come from wafer; while according to scheme 
(c), one part of oxygen must come from carbon dioxide and another part 
from water. The last conclusion is based on the consideration that, since 
the two hydroxyl groups in H 2 CO 3 are equivalent, they must contribute 
equally to the production o| oxygen. After the hydration 

(3.15) CO, + HjO?======diO====C(OH)s 

I one-half the oxygen atoms in the hydroxyl groups have their origin in 
■■ water and one-half in carbon dioxide. If the hydration is followed im- 
mediately by decomposition into H 2 CO and O 2 , the proportion of oxygen 
which originated in water csm be one-half (if all oxygen comes from the 
hydroxyl groups), one-third (if all three 0 atoms in HsCO* contribute 
equally to the formation of oxygen), or one-fourth (if one oxygen atom in 
O 2 must come from the C===0 group). However, reaction (3.15) is, 
usually, not a single transformation, but a series of repeated hydrations 
and dehydrations, and as a result the ratio of oxygen atoms in H 2 CO 8 
which originally belonged to water or carbon dioxide, gradually ap- 
proaches the ratio of these atoms in all available molecules of these two 
compounds. Since water is present in large excess, practically all oxygen 
atoms in H 2 CO 3 will ultimately be.contributed by water.y However, the 
hydration and dehydration of carbon dioxide are slow reactions (c/. 
Chapter 8, page 175) and since plants apparently do not contain the 
enzyme (carbonic anhydrase) which accelerates them (c/. Chapter 15, 
page 380), the equilibration of CO 2 and H 2 COS takes a measurable time, 
and the contribution of carbon dioxide to the oxygen production accord- 
ing to scheme (c) must onlyjgradually^^drop'from an initial maximum 
(M) or to zero. 

I The existence of a heavy isotope of oxygen, 0‘®, made possible a direct 
the^ predictions — a striking example of the possibilities inherent 
of “isotopic teacers.V Ruben, Randall, Kamen and Hyde 
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(1941) introduced heavy oxygen- (0^^) into the carbon dioxide and water 
used for photosynthesis of CWorelJa, and determined the concentration 
of the heavy isotope in the liberated oxygen. The results are given in 
table: 3.VI. : It shows that the proportion of in oxygen is under all 


Table 3.VI 

Isotopic Ratio in Oxyobn Evolved in Photosynthesis by Chlobella.^ 
(after Ruben, Randall, Kamen and Hyde) 


Expt. 

No. 

Substrate 

■ ■ ■ ■ 

Time between 
dissolving 
KHCOa + K2CO3 
and start of 

O 2 collection, 
min. 

Time at 
end of O 2 
collection, 
min. 

.H iO ' 

Bsr cent 

.‘if! ■ 

HCOr 4 - CO 3 - 

'■ Of, 

h- 

KHC03,0.09M 

0 


0.85 i 

0.20 



K2CO,, 0.09M 

45 

no 

0.85 j 

0.41^ 

0.84. 



110 

225 

0.85 

0.55^ 

0.85 



1 225 ■ 

350 i 

0.85 1 

0.61 

0.86 

2 

k:hco3,o.i4M 

0 


0.^ i 




K2CO3, 0.06 M 

40 

no 

0.20 

0.50 

0.20 



110 

m 

0.20 

' ' 0.40 

0.20 

3 

KHCO3, 0.06 If 

0 


0.20 

0.68' . 



K2CO3, 0.14 M 

10 

m 

0.20 


0.21 



50 

165 

0.20 

, 0.57 

0.20 


a The volume of evolved oxygen was large compared with the amount of atmosjpheric oxygen preseut 
at the beginning of the experiment. 

* Calculated values. 


circumstances equal to its proportion in water, and independent of its 
concentration in the carbonate — thus disproving the hypotheses (a) and 
(c). As each experiment progresses, the isotopic exchange between 
carbon dioxide and water, brought about by reaction (3.15), tends to 
equalize the isotope distributions in the two reaction components; but 
since the concentration of HGOs" is high and that of CO 2 low (cf. page 
178), the equalization proceeds slowly and several collections of oxygen 
can be made before its completion. In chapter 26 (Volume II), we will 
encounter an additional quantitative argument against Willstatter and 
Stoll’s scheme (c)— the inability of the hydration reaction (3.15) to keep 
pace with photosynthesis in very intense light.* 

The fact that most if not all oxygen molecules liberated by photo- 
synthesis, originate from water, was confirmed by Vinogradov and Teis 
(1941) who determined the density of water synthesized from this oxy- 
gen, and proved that the isotopic composition of the latter is similar to 
that of oxygen in natural water (father than to that of oxygen in carbon 
dioxide). 

As to the two schemes, (b) and (d), which predict that all oxygen 
should come from water, the difference bet|yeen them is that the older 

■' ■ '■ ' s 
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0 Q 6 assumes the intermediate formation of molecvlar hydrogen, while the 
newer one postulates a transfer of hydrogen atoms from water to carbon 
dioxide (either directly, or through the intermediary of catalysts). We 
prefer the second theory because the intermediate formation of molecular 
hydrogen in photosynthesis could hardly have remained unnoliced. 

After having characterized in general terms, the chemical nature of 
photosynthesis, it seems appropriate to add a similar general description 
of its physical nature, by classifying photosynthesis as a sensitized photo- 
chemical reaction. It must be sensitized by a pigment, because the reac- 
tion substrate (CO 2 4- H 2 O) does not absorb visible light. The concept 
of sensitization is familiar from the photographic plate, from so-called 
“photodynamic effects” in biology, and from many'' photochemical reac- 
tions in vitro. In the exact sense of the term, sensitization means a 
photochemical reaction induced by a light-absorbing substance which is 
not itsdf permanently affected by the reaction. True sensitizers are thus 
substances which act as catalysts in light. However, substances are often 
called “sensitizers” even if they take an active part in the photochemical re- 
action (as this is probably the case in most photodynamic effects). We 
cannot entirely avoid using “sensitization” and “sensitizer” in the usual 
loose manner, and shall therefore speak of “photocatalj'sts” when desir- 
ing to emphasize that we are dealing with a case of “true” sensitization. 

Chlorophyll is a photocatalyst, since no decrease in the concentration 
of chlorophyll in leaves has been observed after intense photosynthesis 
(c/. Chapter 19, page 549), Therefore, only truly photocatalytic reac- 
tions can be adduced as imitations of photosynthesis in vitro. This has 
of|fen been neglected by investigators who have attempted to reproduce 
photosynthesis outside the living cell, as will be demonstrated by many 
examples in chapter 4. 
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Chapter 4 


. PHOTOSYNTHESIS AND RELATED PROCESSES ■ 
OUTSIDE THE LIVING CELL 

Complete photosynthesis — that is, reduction of carbon dioxide to 
carbohydrates, and oxidation of water to oxygen, at low temperature 
and with no energy supply except visible light — has never been achieved 
outside the living cell. What has been accomplished were at best ^‘par- 
tial' ^ successes, reactions which in some future time may (or may not) 
be integrated into a complete reconstruction of photosynthesis in vitro. 

In attempting to divest photosynthesis of its association with the 
living state, one may begin with the living cell, tear it down, and observe 
the effects of this procedure on the different aspects of photosynthesis; 
or one may huild up from simple light-sensitive oxidation-reduction 
systems to more complicated ones, with an eye on the maximum con- 
version of light into chemical energy. 

Some investigators have been too impatient to use either of these 
gradual approaches, and have spent unprofitable years in attempts to 
reproduce photosynthesis in toto by experiments which deserve to be 
called alchemistic rather than chemical. 

A. Photosynthesis by Dried Leaves, Isolated Chloro- 

PLASTS AND CHLOROPHYLL PREPARATIONS* 

L Leaf Powders and Isolated Chloroplasts 

In 1881, Engelmann stated that ‘^as soon as the structure of the 
chlorophyll-bearing bodies is destroyed, the capacity for oxygen pro- 
duction ceases at once and forever.'^ Since then, the association of 
photosynthesis with the living state of the cells has been one of the 
fundamental facts of plant physiology. It was observed again and 
again, that freezing, drying, boiling or poisoning puts an immediate end 
to photosynthesis. Many tissues can live and function outside the body; 
a heart will beat for days in a physiological salt solution, but the chloro- 
plasts cease functioning the moment the cell is destroyed or damaged . 

In 1901, Friedel reported that powdered lemeSy dried at 100'* C. and mixed with 
glycerol extracts from fresh leaves, produce oxygen and consume carbon dioxide in 

* Bibliography, page 94. 
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pimilflr observations were described by Macchiati (1903). However, Harroy 
(1901), Herzog (1902), Molisch (1904) and Bernard (lOGl, 1905) failed to confirm them. 

Mid Friedel found himself unable to reproduce his earlier positive results later in the 
game, year (1901*), a failure which he attributed to the inefficiency of autumnal leaves. 

While dead or broken cells certainly are unable to carry out complete 
photosynthesis, they may maintain a limited capacity for evolving oxygen 
in light (without a concurrent reduction of carbon dioxide). This was 
first noticed in 1888 by Haberlandt and in 1896 by Ewart, who observed 
that isolated chlomplasts (obtained by grinding leaves under water) 
liberate a small quantity of oxygen when exposed to light. Similar 
observations with dried teqf powders were made by Moliseh in 1904. 

The matter rested there for twenty years, until Moliseh came back | 
to it in 1925. He confirmed the evolution of oxj'gen by leaves which 
were dried for three or four days at 30-35° C., and often kept in a desic- 
cator for several weeks. Some leaves produced oxygen even after having 
been heated to 84° for five hours. To obtain oxygen, dried leaves had 
to be powdered under water and the mixture illuminated witho ut straining. 
Leaves killed by freezing also produced oxygen in light. Inman (1935) 
repeated the experiments of Ewart and Moliseh. Fresh leaves of 
Trifolium repens, Zea mais and Melilotm alba were ground with sand 
and the remaining whole cells removed by filtration. The suspension of 
broken and unbroken chloroplasts, obtained in this way, produced 
oxygen upon illumination. Positive results were obtained also with 
leaves dried for several days at 30-35° before powdering. The leaves 
lost their capacity for evolving oxygen more quickly if they w'ero first 
macerated and then dried, instead of drying first and powdering after- 
wards. The alga, Nostoc, was able to evolve oxygen even after having 
been kept in the dry state for eighteen months. Addition of protein- 
d^esting enzymes (e. g,, trypan) prevented the evolution of oxygen by 
leaf powders. (Photosynthesis by unbroken cells was not affected by 
trypsin.) The production of oxygen was limited to the pH range 5-7, 
with a sharp maximum at a pH of 5.5. Inman (1938) stressed the 
similarity between the effects of temperature, acidity, and tiypsin on 
? the oxygen evolution by leaf triturates and on the denaturation of 
proteins, and suggested that the oxygen liberation is catalyzed by an 
enzyme. According to Inman (1938®), the evolution of oxygen can also 
be demonstrated with the isolated cell contents of the giant cells of 
' NiteUa and Valonia macrophysa, and with press juices from clover leaves 
and Euglena viridis. 

• In aU these experiments, oxygen formation could be proved only 
by the luminescence of Beijerinck’s bacteria; the rate of its evolution 
, was unknown, but certainly very small; and the whole process lasted 
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for not more than an hour. All this seems to point to a decomposition 
of a limited quantity of a peroxide, either left in the leaves as a residue 
from normal metabolism, or accumulated by post moriem processes. 
Yamafuji and coworkers have observed that dried vegetable and animal 
tissues form small quantities of peroxide (c/. page 78). This peroxide, 
slowly accumulated in darkness or in diffuse light, could decompose 
suddenly upon exposure to strong light (particularly if chlorophyll is 
present as a sensitizer), thus producing the burst of oxygen observed 
by Molisch and Inman. 

If this explanation is correct, the oxygen evolution by dried leaves is 
not directly related to photosynthesis (except for the fact that it, too, 
may be sensitized by chlorophyll). However, the experiments of Hill 
(1937, 1939, 1940) favor another hypothesis — ^that the oxygen evolutioni 
by leaf powders bears a significant relation to the production of oxygen ' 
in photosynthesis. 

In HilFs first experiments (1937, 1939), a chloroplast suspension was 
obtained from leaves of Stellaria media, Lamium album and other plants, 
by grinding in a phosphate-buffered 10% sucrose solution (pH 7.9), and 
filtering through glass wool. The suspension was mixed with a solution 
of hemoglobin, under exclusion of air. The evolution of oxygen (in 
light of 40,000 lux) was measured spectirophotometrically by observing 
the conversion of hemoglobin into oxyhemoglobin. However, oxygen was 
found only when an aqueous leaf extract was added to the suspension. 
(This extract was prepared by grinding leaves under acetone, filtering, 
drying the filtrate and extracting the residue with water.) In further 
developing these experiments, Hill observed that the leaf extract can be 
replaced by a yeast extract. ^ and that the eflSciency of the latter was ; 
dependent on its content of organic iron compounds. Finally, he ! 
found that the oxygen evolution can also be brought about by the ; 
addition of ferric potassium oxalate^ thus allowing him to dispense with } 
cell extracts'^of unknown composition. The illumination of an air-free ^ 
mixture of chloroplasts with ferric potassium oxalate and hemoglobin, 
causes a rapid appearance of oxyhemoglobin, and a reduction of Fe-^++ 
to Fe++ (detectable, for example, by means of dipyridyl). In the dark, 
the original state is slowly restored again. The total quantity of oxyhemo- 
globin produced in this experiment, depends on the quantity of ferric 
salt taken, while the initial velocity of oxidation is determined by the 
quantity of the chloroplasts. The most active wave lengths are those 
around 600 mp (thus pointing to chlorophyll as the sensitizing agent). 

The maximum rate of oxygen evolutidn by a chloroplast suspensio 7 i in 
the presence of ferric oxalate, was about equal to the rate of oxygen 
liberation by a suspension of whole cells (from the same leaves) in the 
presence of carbon dioxide, but was only one-tenth of the rate of photo- 
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synthesis of the intact leaf (if all three rates were related to the sam<> 
quantity of chlorophyll). 

One may attempt to explain Hill’s results by a chlorophyll-sensitized 
oxidation of a peroxide by ferric oxalate (cf. Eq. 4.1). As" pointed out 
by Kautsky (1938) ferric oxalate itself oxidizes hydrogen peroxide in 
violet and ultraviolet light; this reaction could easily be sensitize’d bv 
chlorophyll. However, the total quantity of oxygen obtained in Hill’s 
experiments would require the presence in the chloroplasts of 0 1 mole 
per liter of the peroxide, which is not plausible. Furthermore, onlv 
one-half a gram atom of oxygen was produced for one gram atom of re- 
duced ferric iron. For the oxidation of a peroxide, this ratio would be 1 : 1 . 

(4.1) Pe+++ + i HjO, Fe++ + H+ J 0^ 

Thus, the substrate of oxidation must be an oxide (e. q. water) ratbpr 
than a peroxide: 

lHsO-^^^^Fe++ + H++ iOj 

i Equation (4.2) suggests that Hdl’s reaction is a ch?nronhv 4 Lc...u:„„. 
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with l,l'-dipyridyl). The amount of hemoglobin was measured spectro- 
photometrically, by oxidizing it to oxyhemoglobin. Thus, in practice, 
the evolution of oxygen was determined by measuring the rate of for- 
mation of oxyhemoglobin in anaerobic mixtures of chloroplasts with 
ferric oxalate and hemoglobin, while the reduction of ferric oxalate was 
determined by measuring the same rate in aerobic mixtures of chloroplasts 
with ferric oxalate and methemoglobin. 

The rates obtained by the second method were lower, but better re- 
producible than those calculated from anaerobic experiments. The cause 
of this difference was the slowness of the methemoglobin-ferrous oxalate 
reaction, which “limited” the over-all process, making it less sensitive to 
poisons (but more sensitive to temperature). Thus, values obtained in 
anaerobic experiments, though less consistent, are more significant, being 
free from such artificial limitation. 



Fig. 6. — ^Effect of varying light intensity on the rate of evolution of oxygen by 

chloroplasts (after Hill and Scarisbrick IQdO®). 

Fe concentration, 4 X 10*"^ mole per 1. Chioroplast suspension, 0.4 ml CIrcte, 
extreme values; dots, mean values. 

The effect of light intensity on the rate of oxyhemoglobin production 
by chloroplasts from Stellaria media is illustrated by figure 6. It shows 
the phenomenon of “light saturation,” typical of tme photosynthesis 
(Vol. II, Chapter 28) and occurring in the same region (~40,000 lux) 
of intensities. The occurrence of light saturation shows that Hill's reac- 
tion includes a nonphotochemical process of limited velocity, in addition 
to the photochemical process proper. We know now that different enzy- 
matic reactions may become “limiting” in photosynthesis under appro- 
priate conditions, as, for instance, if slowed down by a specific poison. 




PBOOESSIS ’OOTSIBB TOB Unm CMhh CHAP. 4 

The reaction responsible for the inhibition of photosynthesis by cyanide 
probably is associated with the entry of carbon dioxide into the photo- 
^thetic apparatus (</, Chapter 12). Since carbon dioxide does not 
participate in Hill’s reaction, it appears natural that this reaction is not 
mected by cyanide. (Less e^ily understandable is the indifference of 
this reaction to hydroxylamine, which, according to page 313 ig . 
specffic_ poison for the oxygen-liberating enzymatic system in photo- 
synthesis.) Urethans,. on the other hand, which inhil)it photosynthesis 
in the “hght-limited” as well as in the “ ^ iinesis 

inhibit HiU’s reaction, 
hibition 


enzyme-limited” state, also 
ithylurethane, for example, causes a 50% in- 
m a 0.6% solution, while phenylurethan produces the same 
effec^n a concentration of only 4 X 10"^%. (The ratio of the efficiencies 
IS 15(W, as compared with 460 in true photosynthesis, cf. table 12.VHlf 
_ The temperature coefficient of hemoglobin oxidation by ferric o.xalate 
m the presence of chloroplasts is 1.3 to 1.4 (ivhile that of methemoglobin 
reduction is 18 to 1.9). This value is smaller than the tempSato m 
coefficient of photosyntheris in the light-saturated state (> 2 ) (c/ Vd H 
Chapter 31), but figure 6 shows that the conditions of Hill’s measurements 
were not those of complete light saturation. 

These results cannot be fully appreciated in the present chantpr 
tea™ the corresponding relationeUps in photoeynthL “ U tS S 

^rrnt“ W M Hiil, rt £ 

^ represents one half of complete photosynthesis” (photochemical ovi * 
toron of water ndti ferric oxalate aa a sutatitute SS tS X 

trdroxylL^bet’'’B S'") i"*tetivity of Hi)i?reaoUon to 

dioxide as acceptor and thm^cLZT^ to trmsfer hydrogen to carbon : 
In chanter 7 L synthesize organic matter. 

primary photochemical reactiorS theories of the 

direct participation of carbon dioxidP^n , envisaging a 

ila s a photoxid atJon of water with interpreting 

.to^^i^oy^i^ggHgaiSyi;Sc^^ transferred 

^^ewnTpicture. *H“m'fivS£^l'<? ^^st “to 

way fmm ^e-irimary ’accento^fn f K ^’reir'- 

aonphotochemical enzymS aL! J ^ 

(but by no meane'SXjla’^SXtirSrTiL!^?.!* 








EXFBEIM'ENTO WITH CHLOEOFHTLI. PREPAEATiONS 


in photosynthesis takes place outeide the cMoroplasts. This may explain 
why isolated chloroplasts are unable. to use carbon dioxide as oxidant, 
even if they are capable of oxidizing water in light. 

Attempts to take the photosynthetic mechanism apart in order to 
find out how it works have b^n for a long time as unsuccessful as the 
proverbial farmer^s attempt to get at the source of golden eggs by killing 
the goose which laid them. Hiirs experiments represent the first step 
forward in this duectionj and their continuation appears of great interest. 

(A confirmation of his results was contributed by French and coworkers, 
1942.) They support the conclusion, derived by van Niel and Gaffron 
from experiments with bacteria and anaerobically treated algae (c/. Chap- 
ters 5 and 6), that the two partial processes of oxygen evolution and car- 
bon dioxide reduction are largely independent, and can be investigated 
separately. While van Niel and Gaffron showed that it is possible to 
substitute in photosynthesis other reduciants for water, HilFs observa- 
tions indicate that ferric salts can be substituted for carbon dioxide as 
oxidants in this proems. 

Hill^s original experiments with leaf and yeast extracts, as well as 
the earlier qualitative observations of Friedel and Molisch (in which, 
too, leaf extracts in glycerol or water were found necessary to bring 
about the evolution of oxygen by leaf powders) make it seem probable 
that these extracts contain organic oxidants which can be used to oxidh^ 
water, in the presence of illuminated chloroplasts, instead of ferric • 
oxalate. In the case of leaf extracts, the oxidants may well be identical 
with the intermediate hydrogen acceptors in true photosynthesis. It 
would be important to identify these oxidants by systematic analysis. 

One can ask whether HilFs reaction is similar to true photosynthesis 
from the point of view of conversion of light into chemical energy. Ferric 
salts are much stronger oxidants than carbon dioxide. At pH 8, where 
HilFs reaction proceeds most easily, the potential of an oxygen electrode 
is — 0.75 volt and thus almost equal to the normal potential of the 
nonassociated ferri-ferro system (—0.77 volt). However, ferric oxalate 
solutions are strongly associated, and their potential is therefore much 
less negative. The reduction of potassium ferricyanide by ferrous oxar.^ 
late, cf. page 64, proves it to be > —0.49 volt. Therefore, the ^ 

chemical oxidation of water by ferric oxalate must lead to the - 

of a considerable amount of light energy into chemical energy if 
this amount is much smaller than that utilized in true photosy3tltliesis.^fr 

2. Ixperinaents with Chlorophyll Preparations . ' ' 

Of all chemical components of plants, the only one which is clearly 
indispensable for photosynthesis is the green pigment chlorophyll. 
Ingen-Housz, in 1779, established that only green parts of plants improve 
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the air in light. Whenever red, brown or blue cells have been found 
capable of photosynthesis, it could always be proved that they, too 
contain the green pigment, even though its color may be masked by 
carotenoids or anthocyanins. 

It was natural therefore that attempts to repeat photosynthesis 
outside the plant have centered on chlorophyll preparations. The re- 
sults have been disappointing, and we need only devote a few lines to 
these experiments. 

Nobody has ever claimed to have achieved photosynthesis by illuminatine a 
chlorophyll sduiton tn an organs solvent in the presence of carbon dioxide; but a few 
negative experiments on this subject have been published by von Euler (1909). ITshpr 
and ^estley (190^) have asserted that chlorophyll JUtm on gelatin produce hydrof^en 
pCToxide and formaldehyde when exposed to light and carbon dioxide. But this clahn 
^ So^yver (1910), was discredited by Ewart (1908), von Euler 
(1W9), Schiller and Baur (1912), Warner (1914) and Wager (1914), who proved that 
although some foi^ldehyde can be found after the illumination of chlorophyll films in 
an, It m the oxidation of chlorophyll and nol in the reduction'of carbon 

dioxide. Willstetter and Stoll (1918) asserted that no formaldehyde is produced at all 
If pare cfflorophyU preparations are used. Chodat and Schweizer (1915) claimed the 
fonnation of fornm dehyde and hydrogen peroxide by the illumination of chlorophyll 
WeenpM on ealezum carbonate; but Willstatter and Stoll (1918) failed to coiSrm 

negative results. They also toed the addition of peroxidase (on the assumption that 
he complrfion of photosynthesis requires the decomposition of a peroxide) but without 

L ^ murninated aqueous solutions of sodium eh orophjS 

and carbonate, but details of this experiment have never been publiSied 

of chapter 14 proofs of the existence in the plant cells 

maChe^°™^ ^ Preservation of this complex 

may be Maiy to mamtam the photosynthetic capacity of chlorophyll 
Different methods to extract the chlorophyll-protein complex from leaves 
have been perfected, and these extracts have been found to possess 
some of the properties of the chlorophyU in the leaf, e. its absorption 
spectrum chemical stabdity and fluorescence. Neverthdess thev on 
photoByatletic capacity (c/. Sn^th 1938). BSr.„d pSheS 
arttjictai chlorophyll protein complexes fprepated bv 

and liberate oxygen in light, but their methods were crude md 
,ite pronnsed detaded publication has not materialised 

chloroplsats mainter^at ntf J T 

photosynthetieactivit). The question “ai about SorapWIprert 
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tions is not whether they are capable of complete photosynthesis, but 
whether they too, retain some properties reminiscent of the part which 
chlorophyll plays in photosynthesis. As shown in chapter 3, this part 
is the utilization of light energy for hydrogen transfer against the gradient 
of chemical potential. Chlorophyll may achieve this either by a ptirely 
physical transfer of energy to a cellular oxidation-reduction system, or, 
more probably, by direct chemical participation in such a system. 
Consequently, what we ask is whether chlorophyll m wiro forms a 
reversible oxidation-reduction system and, if it does, whether the oxi- 
dizing capacity of its oxidized form, or the reducing capacity of its 
reduced form (or both) are enhanced by the absorption of light. 

Indications that chlorophyll in vitro actually possesses the properties 
of a light-activated oxidation-reduction catalyst, have been found by 
Rabinowitch and Weiss (1937) in experiments which shall be discussed 
in chapter 18. Some observations of Baur (1935), Baur and Fricker 
(1937), and Baur, Gloor and Kunzler (1928), which point in the same 
direction, will be described later in the present chapter (page 90). These 
interesting, but as yet inconclusive results are the only indications 
that chlorophyll outside the cell does retain certain of the properties 
which make it 'Hhe most important single organic compound on earth 
as long as it is contained in living plant cells. 

B. The Photochemical Oxidation of Water * 

We now leave the living cell and the products obtained from it and 
consider nonbiochemical systems whose behavior is of interest from the 
point of view of artificial photosynthesis. 

The essence of photosynthesis is the reduction of the oxidant of an 
oxidation-reduction system of a higher potential (carbon dioxide-carbo- 
hydrate) by the reductant of a system of a much lower potential 
(oxygen-water), with light supplying the necessary energy. The differ- 
ence in Jofai internal energy between the substrates and products of 
photosynthesis is 112 kcal per gram atom of carbon; the difiference in 
free energy is a few calories larger (qf. Table 3. V). Complete artificial 
photosynthesis should bridge this whole gap at once. However, all 
experiments which help to narrow itj may be considered as helpful 
partial solutions. The bridging may begin at either end or in the fiddle. 
It may include photochemical or nonphotochemical reactions likely to 
bring the two reacting systems closer together. Nonphotochemical 
reactions cannot contribute to the bridging of the energy gap; but they 
can make the solution easier, by substituting catalytic reactions with 
low activation barriers for reactions with the same net beat effect, but 
with a larger energy of activation, 

* BibHograplay, page ^ 
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HI The experimetits on isolate! chloroplasts, described on page 63 
et seq., as well as considerations based on bacterial metabolism, (c/. 
Chapter 5), make it feasible that one (and perhaps the only) photo- 
chemical reaction in photosynthesis may be the transfer of hydrogen from 
water to an intermediate acceptor. Consequently, in our search for a 
model of photosynthesis m vitro, we are concerned, in the first place 
with the photochemical oxidaiion of water by substances thermodynami- 
cally incapable of achieving this oxidation in the dark. 

The liberation of oxygen from water can occur by “self-oxidation" 
(dismutation), 

(^•3) H 2 O + H 2 O — > 2 H 2 + O 2 - 137 kcal or 


H^O -I- H,0 ^ H* + (HsOila,. - 91 kcal 


or (if hydrogen is taken over by an “acceptor”) by an oxidation- 
reduction: 

(4-5) HsO >iOj-hi2H| or 


Kght 

2 HjO > HsOj -f {2H j 


where brackets indicate acceptor molecules 

S'? '■y ataorption of 

sensitized. If, in (4.5) and 
S‘5’ is the light-absorbing species, the reaction is a 

0 / the acceptor, rather than a true photocatalysis, and can 
only be called sensitized” m the wider sense defined on page 56 

JJor the sake of simplicity, we do not speak here of the possibility 

Se W (om complexes of 

kydro^Ulii ” 

towa^ artificid'Sfnt^ +l provide an appropriate first step 

Srml SI Photos^thesis. To complete the process, carbon diox- 

^ In^d^iS rS hydrogenated acceptor {H}. 
oxidation”; ( • )? we shall also consider here the “photaut- 


4- i 0. - 23 kcal 


Si: 

and answered in the neaariS '^ w T ^ discussed on page 79 
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must be considered whenever the oxidation of water takes place in the 
presence of air. 

L Decomposition of Water in Ultraviolet Light 

The direct photochemical decomposition of water into hydrogen and 
oxygen according to equation (4.3) was described by Coehn (1910) and 
Coehn and Grote (1912). A photostationary state^^ is established in 
ultraviolet-illuminated water vapor, with light accelerating both its 
decomposition and the recombination of hydrogen and oxygen (Berthelot 
and Gaudechon 1910). 

The decomposition according to (4.4), i. c., with the formation of 
hydrogen peroxide, was discovered by Thiele (1908) and Kernbaum 
(1909). Tian (1916) suggested the existence, in ultraviolet-illuminated 
liquid water, of a stationary state involving photochemical formation 
and decomposition of hydrogen peroxide. If oxygen is present, all 
hydrogen formed by (4.4) is taken away, making it possible for hydrogen 
peroxide to accumulate, and the net effect is a peroxide formation 
according to equation (4.6). 

In these investigations, a mercury arc was used, and the decomposition was caused 
mainly by the first resonance line of mercury (189 m/i), which is strongly absorbed by 
quartz walls and only weakly absorbed by water. A more rapid decomposition can be 
achieved by means of a hydrogen discharge tube with a fluorite window, as used by 
Terenin and Neujmin (1934, 1935, 1936). The active wave lengths are 130-140 mju, 
which fall into the second absorption band of water. In this region, water decomposes 
into OH* + H (the asterisk indicating electronic excitation), as proved by the emission 
of OH bands in fluorescence. The primary process in the first absorption band of 
water, situated below 178-179 m^u, may be either: 

H 2 O* OH + H, or H 2 O* Ha -b O (Goodeve and Stein, 1931) 
or (in the liquid state) : 

HaO* + H 2 O H 2 O+ + HaO- 

The direct photochemical decomposition of water solves a large part 

of the difficiilties involved in artificial photosynthesis (it accumulates 
energy and liberates oxygen), but it does not solve all of them, because 
neither hydrogen molecules nor hydrogen atoms prove capable of reducing 
carbon dioxide. The reaction between molecular hydrogen and carbon 
dioxide will be discussed in more detail on page 83 ; as to atomic h 3 ’'drogen, 
Harteck (1933) found that the admission of hydrogen atoms to carbon 
dioxide gas does not produce more than traces of formaldehyde. 

2. Mercury-Sensitized Decomposition of Water 

We now go over to sensitized photodecompositions of water. The 
first extension of the photochemieaJly active range towards the visible 
gan be achieved by using mercury vayor as a sensitizier. 
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Wood (1925) found tliat water vapor containing mercuiy decomposes when illumi- 
mted with the resonance line (263.6 mjn) of mercury. Senftlehon and Rehren (1J^6) 
investigated the reaction more closely by measuring the heat conductivity of the illumi- 
nated mixture. In a closed vessel, the illumination leads to a photostationary state 
Gaviola and Wood (1928) have given spectroscopic proofs of the presence in this state 
of free hydroxyl rascals (OH) and of mercury hydride molecules (HgH). According 
to Beutler and Eabinowitch (1930) these are the primary products of the reaction: 


(4.8) 


(Hg)*-KH20)g: 


light 

dark 


‘ (HgH)g 4- (OH)g - 95 kcal 


However, through the recombination of OH radicals, the dissociation of the unstable 
HgH molecules, and other processes competing with (4.8), numerous other products are 
formed, among others, Hj, O 2 , HaOs, HgO and free H atoms. Melville (1936) found 
that the uncondensable fraction of the iUuminated Hg/H-O mixture consists mainly of 
oSb°^°' suggested that the equivalent quantity of oxygen is bound in mercurous 

i^ctaon (4.8) IS of the type (4.6), a photoxidation of water by mercury, with the 
ra^er of only one hydrogen atom. This reaction is possible, despite the high energy 
of ctesociation of water mto H and OH (109 kcal), because the absorption of the line 
me bmgs mercury mto a state (»Pa) with an excess energy of 112 kcal per mole 

SS poSf ‘ 

wS;i ^7Ta dissipated by secondary processes. If the 

decompose mto water and oxygen, while the mercury hydride decom- 

llTkcTl q«.'mtum equivalent to 

112 kcal per mole, has produced the reaction J HaO-> 4 Ha + ^ O. with a hlft Iff.!? 

f 25% of light energy into chemical 
position pro(iucts contain 73% and 27<y O r ciecom- 

3. Sensitization of Water Decomposition by Solids (ZnO and AgCl) 
The photochemical decomposition of water can be extended further 

? T’ I® sensitization by 

to Za£n Tr) Th '"Z Photautoxidaiion of water, according 
(1927) Aft ' ' was discovered by Baur and Neuweiler 

fZi?i 5 ?^’' 0^2/pen-coataimnp water has been shaken with zinc oxide 

thus appaleatly “ 

w f ° ““ “ “Si ’ l::z 

participating in it. promotmg reaction (4.7) without 
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Richardson (1939) found that the quantum yield of this reaction is 
of the order of 0.1 in weak light, and less at the higher light intensity. 
The rate of peroxide formation shows a ‘Tight saturation" similar to 
that occurring in photosynthesis, proving that the photochemical process 
is coupled with a thermal process of limited velocity. (For example, 
the photochemical decomposition of water adsorbed at the surface of 
ZnO may be followed by the desorption of the reaction products.) 
The mechanism of this reaction is unknown, but we may assume that 
the primary process is the decomposition of adsorbed water into OH 
and H, made possible by the large heats of adsorption of OH and H on 
zinc oxide. 

light 

(4.9) H 2 O (adsorbed) : f===— H (adsorbed) + OH (adsorbed) 

dark 

In order to enable reaction (4.9) to occur in the near ultraviolet (that is, 
with light quanta of about 78 kcal per einstein, one einstein being 6 X 10^ 
quanta), the combined heat of adsorption of the radicals must be at 
least 35 kcal larger than that of water. 

The assumed primary reaction (4.9) is of the type postulated by 
van Niel for photosynthesis (c/. Eq. 7.1) — photochemical decomposition 
of water, with zinc oxide serving as acceptor for both hydrogen atoms 
and hydroxyl radicals. To explain why hydrogen peroxide is formed 
only in presence of oxygen, we may assume that oxygen molecules 
snatch away the adsorbed hydrogen atoms, thus preventing the reveraal 
of reaction (4.9), and leaving to the hydroxyl radicals no other way but 
to recombine to “biradicals" H 2 O 2 . In this way, the primary photo- 
chemical decomposition of water is again reduced to a “ photautoxida- 
tion,” according to equation (4.7), with its comparatively small energy 
conversion. 

The question arises as to whether the back reaction in (4.9) is com- 
pletely effective in absence of oxygen, or whether some hydrogen atoms 
succeed in recombining to hydrogen molecules, causing an equal num- 
ber of hydroxyl radicals to recombine to H 2 O 2 and giving the net effect 
of sensitized water decomposition (4.4), a result much more significant 
from the point of view of artificial photosynthesis than the photautoxi- 
dation (4.7). Successful achievement of reaction (4.4) would leave us 
with the problem of carbon dioxide reduction by molecular hydrogen 
as the final stage of artificial photosynthesis — a reaction which re- 
quires no additional conversion of energy. True, we do not yet know 
how to conduct it in a reversible way, without spending considerable 
energy on activation; but we shall see in chapter 5, that the so-called 
“Knallgas bacteria” reduce carbon dioxide to carbohydrates in the dark, 
by means of molecular hydrogen, with up to 40% of the theoretical yield. 
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It is thus an interffiting qu^ion whether hydrogen peroxide can be 
obtained by the illumination of zinc oxide suspensions in the absence of 
oxygen. Baur and Neuweiler (1927) gave a negative answer to this 
question, while Yamafuji, Nishioeda, and Imagawa (1939) asserted that 
a small quantity of hydrogen peroxide is formed even if all oxygen had 
been removed. 

Vogel (1863), Eder (1906) and Sichling (1911), found that water 
over a siher chloride precipitate evolves oxygen if exposed to daylight 
and this was confirmed by Baur (1908) and Baur and Rebmann (1921)! 
However, the amount of gas evolved is small, and the reaction soon stops! 
In contrast to water decomposition by zinc oxide, this reaction is probably 
not a true photocatalysis, but a photoxidation of water by silver chloride: 


light 


+ Ag + Cl 




+ HV. 

i HsO + i O 2 


+ OH 


light 


(4.10) Ag+Cl- + 4 H 2 O . Ag + Cl-^. + i O 2 + H%. - 25 kcal 


This reaction deserves attention because of the apparent conversion 
of a large part of light energy into chemical energy. If brought about 
by a single quantum at 400 ray, it would lead to the conversion of about 
35% of absorbed light energy, a yield not attained by any other known 
photochemical reaction in visible light. It is, however, not certain 
whether the observations of Vogel, Baur, and Rebmann are correct 
whether interpretation (4.10) applies to them and, if it does, what the 
quantum yield of this reaction may be. 


4. Photoxidation of Water by Cations 

; We have considered mercury vapor and ionic crystal powders as 
senaters which enable the photochemical liberation of oxygen from 
water to occur in the medium or near ultraviolet. A third group of 
such sensitizers is found in dissolved cations. 

The only cation whose capacity for photochemical water oxidation has 
m demonstrated by experunents. is the r.p.r4j^ »Tti 1 


jLUr pnOXOClieiniCal 1 

been demonstrated by experiments, is the ceric ion, Ce++++. The normal 
oxi^tion-reduction potential of the system Ce^^-Ce+++ is ctese to 

. ^edby light, 

with a quantum yield as high as 0 5 pioaucea 

fat ultraviolet 

to the blue-violet region of the visible SDeefrnm i a- 

coeflS.cient is ahonf. lp;n 0 + \ esxtmction 


coefficient is ahont Ko oTinA molar extinction 

coemcient is about 150 at 460, mg.) It is likely that absorption every- 
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where in this region is effective in bringing about the reaction 

light 


(4.11) 


Ce++++ + i H2O • 


Ce+++ + H+ + i Oj 


Since the oxidation potential of ceric ions is more negative than that of 
molecular oxygen, reaction (4.11) does not convert light into chemical 
energy. 

It is known or suspected (see Eabinowitch 1942) that the light 
absorption by many other cations also leads to a primary oxidation of 
water, probably, according to the equation: 

light 

(4.12) M+'HjO ->M-H20+ 

A. and L. Farkas (1938), who suggested this primary process, pointed 
out that the final state in (4.12) is unstable, and is terminated either by 
a return of the electron to water: 


M-HjO+- 


(“primary back reaction ^0 


(4.13) 

or by a chain of transformations of the ion 1120*^, e, g,: 


(4.14) 


OH + OH - 
H2O2- 


HsO + OH 
H2O2 

H2O + i O2 


At any stage of (4.14), the reaction may be reversed by a /^secondary 
back reaction, that is, the reoxidation of M by hydroxyl, peroxide or 
oxygen. 

In the case of the ceric ions, reaction sequence (4.14) has a good 
chance of occurring in preference to a primary or secondary back reaction. 
With other cations, no oxygen evolution has been observed upon illumi- 
nation (at least, as far as attention has been paid to this point) and this 
can be taken as an indication that the back reactions are more probable 
than the oxidation chain (4.14). The cause most probably lies in the 
relative energies of the different states involved in the process. For 
ceric ions, oxidation releases more energy than the return into the initial 
state, and the probability of the metastable state • H2O+ undergoing 
a development according to (4.14) is correspondingly high. In the case 
of other ions (ferric ions, for example) much more energy can be gained 
by the transformation of the metastable complex (Fe++*H20+) back 
into Fe+^‘H20, than by the completion of oxidation according to 

(4.15) Fe++:H20+ + (OH-)aq. > Fe+-"*H20 + i H 2 O 2 


(as in 4.14) 

The reaction with ferrous oxalate observed by. Hill and described on 
page;63 is probably of type (4.12) - (4.14),, although it requires sensi- 
tization (by chloroplasts). In . this case, the oxygen liberation occurs 
with a considerable yield, the unfavorable portion.' of the energy 
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leeds. This must be due to an enzymatic mechanism preventing a 
primary back reaction of type (4.13), and accelerating the completion 
of the oxidation process. A secondary back reaction (reoxidation of 
ferrous oxalate by oxygen) actually was observed by Hill, but this 
reaction is comparatively slow and does not prevent a partial escape of 
oxygen into the atmosphere, or the fixation of oxygen by hemoglobin. 

A “hidden,” i. e., instantaneously reversible, photochemical oxidation 
of water by illuminated cations has also been postulated in the explanation 
of two forms of the “Becquerel effect,” the “photovoltaic” effect, in 
which the illumination of an oxide-, halide-, or dyestuff-coated chctrodc 
causes a change of potential, and the “photogalvanic effect,” in which 
a similar change is induced by the illumination of an electrolyte in contact 
with an inert electrode. Both effects must be caused by short-lived 
chemical changes in the surface layer of the electrode, or of the electrolyte. 
The most probable change is the displacement of an oxidation-reduction 
equilibrium (c/. Babinowitch 1940). It has been suggested by Baur 
(1918, 1919) for the photogalvanic effect, and by Audubert (1934) for the 
photovoltaic effect, that one partner in the oxidation-reduction equi- 
librium in aqueous electrolytes is wcAer (the other being the specific 
photosensitive component — dyestuff, salt, or oxide). However, Svensson 
(1919) found no evolution of oxygen or hydrogen in illuminated photo- 
galvanic systems; neither was he able to observe the formation of hydro- 
gen peroxide or ozone. Baur suggested therefore, that the decomposition 
of water remains in a “hidden stage,” that is, stops short of an actual 
evolution of oxygen or hydrogen, because of the efiiciency of the back 
reactions. 

S. Photoxidation of Water by Dyestuffs 

In connection with the problem of photosynthesis, the photochemical 
oxidation of water by dyestuffs, either in consequence of a reduction of 
the dyestuff itself, or by true sensitization as in Hill’s experiments, is of 
great mterest. 

Many cationic dyestuffs are oxidants, capable of being reduced to 
so-called leueo dyes. Their oxidation-reduction potentials are much too 
low to ena,ble them to oxidize water in the dark— the strongest known 
organic oxidants have potentials of -0.4 volt at pH 7, which is still 0.4 
volt above the potential of the oxygen electrode at the same pH. How- 
ever, the absorption of a light quantum, even of a “red” light quantum 
of about 600 m/i, corresponding to 45 kcal per einstein, should make the 
free energy of reaction (4.16) negative. 

(4.16) ^ D*.H,0 JOj 

In other words, light-excited> dyestuff molecules contain enough energy 
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to bring about the oxidation of water. However, the primary process in 
dyestuff solutions is excitationyBitxdi not an electron fraws/cr from water 
to dyestuff (as assumed above for the inorganic cations, and 

Fe+++). In this ease, the oxidation of water must be brought about by 
a secondary electron transfer from water to the excited dyestuff ion . 
Processes of this kind are known to occur between excited dyestuff ions 
and other electron donors, as, for example, ferrous ions. As shown by 
Weber (1931), Weiss (193.5) and Rabinowitch (1940), excited thionine or 
methylene blue cations oxidize ferrous ions, even though in the dark the 
reaction proceeds in the opposite direction, in accordance with the posi- 
tions of the normal oxidation-reduction potentials: 

light 

(4.17) Thionine 4“ 2 ;f=====± leucothionine + 2 

For example, at pH 3, the normal potential of the system thionine- 
leucothionine is approximately — 0.3 volt, while that of the system 
P 0 +++_P 0 ++ ig approximately — 0.75 volt. Nevertheless, in light, ferrous 
ions are oxidized by thionine ions, and it takes the system several seconds 
to come back to equilibrium in the dark. 

The slowness of the back reaction may be attributed to a peculiar 
relation between AH and AF in reaction (4.17). The normal potentials 
indicate that the free energy of this reaction is strongly positive; but 
its heat effect probably is negative. The free energies of hydrogenation 
of most organic systems, including thionine, are less negative than the 
total energies — that is, the reduced state has a smaller entropy. The 
relation is reversed in the case of the reduction of ferric ions by hydrogen, 
Consequently, the reversal of reaction (4.17) is an endothermal reaction, 
and as such cannot proceed with a high velocity. 

This more or less accidental circumstance is the explanation why, in 
the thionine~"iron system, the shift in the oxidation-reduction equilibrium 
by light, which usually is hidden by rapid back reactions, becomes easily 
observable, even though it remains transient. 

It can be asked whether, in the absence of ferrous ions, a reversible 
reaction does not occur between dye and the solvent (even if with a 
smaller quantum yield and with a more rapid back reaction). Such 
‘^hidden oxidation-reductions have been held responsible for the photo- 
voltaic effect of dyestuff-coated electrodes by Audiibert and coworkers, 
Hoang Thi Nga (1935) and Stora (1935, 1936, 1937). In the same way, 
the directly observable reversible reduction of thionine by ferrous ions 
has been shown by Rabinowitch (1940^) to produce ', a strong photo- 
galvanic effect. 

: If oxygen is present in aqueous dyestuff solutions, one could expect 
some of the leuco dye formed by the oxidation of water to be reoxidized 
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by oxygen, thus leaving an equivalent quantity of oxidized water. In 
other words, we could expect the occurrence of a dyestuff-sensitized 
formation of hydrogen peroxide, according to equation (4.14), by the 
mechanism which was contemplated above in the case of the zinc oxide 
sensitization. Blum and Spealman (1933) have in fact claimed the 
formation of hydrogen peroxide in illuminated fluorescein solutions, and 
Yamafuji and coworkers (1938, 1939) have also obtained positive hydro- 
gen peroxide tests with illuminated solutions of chlorophyll, eosin and 
hematoporphyrin. 

While the dyestuff-sensitized “photautoxidation" of water, indicated 
(but by no means proved) by the experiments of Blum and Spealman 
and Yamafuji, appears explicable according to the hypothesis of “hidden ” 
photochemical oxidation-reduction reactions, the alleged formation of 
hydrogen peroxide in oxygen-free dyestuff solutions is, if true, a much 
more remarkable phenomenon. Yamafuji and co%vorkers (1938-1939) 
have asserted that illuminated tissue extracts, dyestuff solutions, and 
zinc oxide suspensions also produce hydrogen peroxide in the absence of 
oxygen, although much less than under aerobic conditions. As discussed 
on page 73, this result (if true) would indicate a sensitized decomposition 
of water into hydrogen and hydrogen peroxide, according to equation 
(4 4). In the case of zinc oxide, the energy of two ultraviolet quanta 
(^about 75 kcal per einstein) is sufficient to bring about reaction (4.4) • 
but two quanta of visible, particularly red light (60-40 kcal per einstein)' 
are insufficient for this purpose. This makes us doubt whether oxygen 
V actually been eliminated in the experiments of 

Yamafuji and coworkers. The problem is too important to allow the 
a.cceptanee of their results without further confirmation. Baur and Reb- 
mann (1921) have attempted to achieve a sensitized photolysis of water in 
visible hgh^ ^mg uranyl salts, quinine, eosin, rhodamine and other 
sensitizers, but could obtain no traces of oxygen. 

0. The Chemical and Photochemical Reduction 
OP Carbon Dioxide * 

een^rTX^^’^ pbotochemical process in photosynthesis is the hydro- 

rb!n^Sdfr« Tk ? “J^^“«iiate acceptor, the reductim of 

mctil ^ photochemical 

, r by a dark enzymatic reaction with the reduced orimarv 

pirhS:? bof • 

of carbon dioxide in nonphotochemical reduction 

; * BMography, page 96. 
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1«, Chemical Redtiction of Carbon Dioxide 

So far, carbon dioxide has been reduced in vitro only by ineans of the 
strongest available reductants, or at high temperatures. 

Fenton (1907) described the reduction of carbon dioxide to formaldehyde by 
magnesium, wMle Bredig and Carter (1914) have acbdeved the reduction of carbon 
dioxide to formic acid by means of hydrogen and palladium. Reactions of this type 
are of no use in artificial photosynthesis. Imagine, for example, that we would begin 
by reducing carbon dioxide with magnesium, and — to provide a similar start at the 
other end of the reaction chain — oxidize water with fluorine. We would thus obtain 
magnesium oxide and hydrogen fluoride as the first reaction products. Bringing these 
two compounds together will lead to the formation of magnesium fluoride, and the 
completion of the reaction cycle would now require the photochemical dissociation of this 
salt into metal and halogen, a task considerably more difficult than photosynthesis itself. 

One comparatively mild reductant which has been credited with the capacity to 
reduce carbon dioxide, was hydrogen peroxide. Kleinsttick (1918) working in Wislicenus" 
laboratory, found that phosgene, diphenyl carbonate and carbonate ions, can be reduced 
to formaMehyde by heating with hydrogen peroxide under pressure. Wislicenus (1918) 
corrected the results, stating that the reduction product obtained from alkali carbonates 
(or bicarbonates) and hydrogen peroxide is formic aad, and suggested that the proce^ 
involves the formation of per carbonic acid as an intermediate: 




OOH 

— +HjO 
^OH 

(4,18a) 

HjOs + HjCOj — 

(4.18b) 

HsCO. — 

— — > H 2 CO 2 *4“ O 2 

(4.18) 

H 2 O 2 + HjCOa — 

— — > H 2 O + O 2 + H 2 CO 2 — 44 kcal 


Thunberg (1923), while failing to confirm most of Kieinstiick's results, claimed that 
formaldehyde can be obtained by boiling lead carbonate with hydrogen peroxide. 

Thunberg and Weigert {cf. page 70) have used these results as biisis for a theory 
according to which photosynthesis consists of a photochemical decomposition of water 
into hydrogen and hydrogen peroxide, and a nonphotochemical reduction of carbon 
dioxide by the latter two compounds: 

light 

(4.19a) 2H2O (H202)aq. + H2 - 79 kcal 

(4.19b) CO2 + H2 + (H202)aq. — — tCHaO} + O2 + H2O - 33 kcal 

(4.19) CO2 + 2 H2O - — — ^ {CH2OI + H2O + O2 - 112 kcal 

However, not only reaction (4.18), in which hydrogen peroxide alone reduces carbon 
dioxide, but even reaction (4.19b), in which hydrogen peroxide is assisted by hydrogen, 
is endothermal to such an extent that it cannot occur spontaneously at low temperatures. 

Some doubts may be entertained as to the reliability of Thunberg^s experiments;; 
but, even if they, are correct, they do not point a way by which carbon dioxide can be 
reduced , at- low temperatures. The energy accumulated i,n the oxidation of water to 
peroxide, by oxygen (23 kcal per mole) is much too small to enable the product to reduce 
carbon dioxide without an external supply of energy. The oxidation-reduction potential 
,of the system .02-“H202 (— 0.27 volt at pH 7) is much too negative to bring about the 
reduction of the system H2C03~H2C02, or H2CO3-H2CO, whose potentials (at the same 
pH) are ^bove + 0,4 volt (c/. Table 9.IV), 
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The first reiaetion in Wislicenus’ scheme {4.18), is feasible, !>effaHse all peroxides 
have approximately the same eneiBy content; but the deeorapfwition of percarbonio 
acid into formic acid and oxygen is as impossible as a spontenetjus mammokcular 
decomposition of hydrogen peroxide into hydrogen and oxygen. Peroxides decompose 
spontaneously only by birndecular dismutation into oxide and oxygen (cf. Clhapter II). 
If we replace (4.18b) by such a decomposition, the net result will be merely a carbonate- 
catalyzed decomposition of hydrogen peroxide. 

Thus, none of the known chemical methods of reduction of carbon 
dioxide appears significant from the point of view of artificial photo- 
synthesis. However, it seems probable (qf. Chapter 8) that the immediate 
substrate of reduction in nature is not free carbon dioxide at all, but 
carbon dioxide incorporated, by enzymatic catalysis, into a large organic 
molecule, probably with the formation of a carboxyl group: 

(4.20) EH-bCOs >ECOOH 

Once association (4.20) has taken place, the reduction of carbon dioxide 
to carbohydrate can be replaced by the reduction of the carboxyl group, 
RCOOH, to the carbinol group RCHzOH: 


(4.21a) 

COs -b EH — 

> ECOOH 

(4.21b) 

ECOOH -b4H — 

^■ECH.OH-bHiO 

(4.21e) 

ECHjOH — 

>EH -b fCHsO! 

(4.21) 

COs + 4 H 

> ICHsO) + H,0 


Furthermore, the reduction of one molecule of acid to one molecule of 
carbinol can be replaced by the reduction of iwo molecules of acid to 
two molecules of aldehyde, and the dismutation of the latter compound 
(Cannizzaro reaction) : 


(4.22b) 

2 RCOOB 

2RGHO 

[-b4H— ■ 
-bHsO — 

— > 2 ECHO + 2 HsO 
» ECOOH -bECHsOH 

(4.22) 

ECOOH 

+ 4H — 

■— » ECHjOH -b HjO 


the chemical problem of carbon dioxide reduction to a carbo- 
hyjate, can be replaced by the problem of the reduction of a carboxylic 
acid to an aldehyde. The methods by which this reduction is achieved 

as violent as those used for the 

tauto very strong reduc- 

hydrogen and palladium under high pressure), 
(d^ distillation of calcium salts). Thermodi 
en^vt! ttiere is not much difference between the 

"”boxyl (cf. Table 9.1 V); 
^lecl?ith ^ carboxylic acid for the small 

nmke theldtmf ® activation energy, and thus 

arise attr "Ti “d H,COz, which 

ust anse as intermediates m the reduction of carbon dioxide if the 
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hydrogen atoms are transferred one by one, have the full energy of 
their unsaturated bonds; while the corresponding radicals derived from 
large organic molecules can often be stabilized by resonance, and there- 
fore present much less of a barrier to a reversible reduction. We will 
revert to this function of free radicals in chapter 9 (page 233). At 
this point, we must state that we do not know of any reaction of carbon 
dioxide or of the carboxyl group in vitro, which could be called a reversible 
(or almost reversible) reduction of the C=0 double bond to a CH— OH 
single bond, and that a closer inquiry into the possibilities of such a 
reduction would be important for the study of artificial photosynthesis. 

2. Decomposition and Reduction of Carbon Dioxide 
in Ultraviolet Light 

In describing the photochemical oxidation of water, we started with 
the direct effects of ultraviolet light; similarly, we begin now with the 
nonsensitized photochemical decom- 
position of carbon dioxide by ultra- 
violet light. 

The spectrum of the molecule CO 2 con- 
sists of discrete bands, from 200 to 103 m/z; 
thus, the primary process is electronic exci- 
tation rather than photochemical decompo- 
sition. Figure 7 shows the extinction curves 
of the ions, CO 3 and HCOs"" in water. In 
this case, the primary process probably is an 
electron transfer from the ion to water: 


hP 


HC08-H20’- 


(4,23) HC03--H20- 

that is, an oxidation of the carbonate and 
reduction of water. This is hardly an appro- 
priate initial step towards the reduction of the 
carbonate and oxidation of water. 

The effect of ultraviolet light on 
carbon dioxide was first observed 
by Chapman, Chadwick and Rams- 
bottom (1907) andHerschfinkel (1909). 

They found that carbon dioxide gas 
decomposes in light with an increase 
in; pressure (i, e,, probably into car- 
bon monoxide and oxygen), until a 
stationary state is reached. Berthelot and Gaiidechon (1910) found that 
ultraviolet light accelerates both the dissociation of carbon dioxide and 
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Fio. 7. — Molar extinction curves 
of COs and HCOs~ in water , (after 
Ley and Arends). 
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was investigated by Coehn and Sieper (1916), Tramm (1923), Coehn and 
Spitta (1930) and Coehn and May (1934), with particular emphasis on 
the effect of moisture. They found that the decompo-sition has a maxi- 
mum at a certain moderate degree of drying, and is inhibited both by 
an excess and by a complete absence of water. The mechanism of this 
twofold effect of water remains unexplained. 

From the point of view of photosynthesis, it would be interesting if 
this effect were due to a photochemical reaction between carbon dioxide 
and water; but Thiele (1908) and Coehn and Sieper (1916) have asserted 
that this is not the case, and that the influence of water is a purely 
catelytic one. Also, Stoklasa and Zdobnicky (1910, 1911) and Stoklasa 
^bor and Zdobnicky (1912, 1913) found that no formaldehyde is formed 
by the fllummation of carbonic acid in solution, while Baly Heilbron 
^^^^“dSanyal (1925) and xMezsadroIi and Gardano 
(192^ asserted that small quantities of formaldehyde can be obtained 
now was disputed by Baur and Rebmann (1922), Spoehr 

(1923) and Porter and Ramsperger (1925), who found the yield of 
ormaldehy(k to decrease with increasing purity of the reactants. How- 
ever Baly Davies, Johnson and Shanassy (1927) reiterated this organic 
matter IS formed by illu^ oi carbonate solutions with ultraviolet 
h^t, claimmg this time that it was not formaldehyde, but an undefined 
if H ■ Vareton (1931) claimed that the yield 

‘ dinvirffl h ® ^ ® mcre^d by preliminary ionization of carbon 

dioxide by emanation or electric discharges. 

„if confirmed that traces of formaldehyde are formed bv 

Sriad viS tv tw?" '“““'I- t™”' '»*o„io 

it: ‘ formaldehyde, 

suggested that tb^ , ^ ^ter long penods of sunshine. They 

^ mi^ested that the photeeherqiq^ %mation of formaldehyde occurs I 
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or even above the level where ozone is formed (about 50 km. above the 
surface), since no rays with wavp lengths < 290 m/x are available below 
this layer. From the point of view of artificial photosynthesis, or of 
natural photosynthesis under the present terrestrial conditions, it appears 
entirely irrelevant whether traces of formaldehyde can be formed by 
ultraviolet illumination of carbonate solutions or not. In dealing^ with 
photochemical reactions, it must be kept in mind that the energy available 
in one quantum, particularly a quantum of ultraviolet light, is much 
larger than the activation energy required for most, if not all chemical 
reactions. Thermal reactions take place when the energy of molecular 
vibrations, together with the collision energy, are just sufficient to bring 
the reacting molecules over the top of an '^activation pass'^ in the many- 
dimensional relief map representing the potential energy of the reacting 
system as a function of its various configuration co-ordinates. This 
favors a uniform fate for all these molecules, which all drop into the 
same "potential valley.'" Activation by light absorption, on the other 
hand, often breaks molecules into free atoms and radicals, thus lifting 
the system onto a high energy plateau from which it can descend into 
many different valleys, corresponding to more than one set of reaction 
products. In the rearrangement of radicals formed from carbon dioxide 
and water by the absorption of quanta with an energy of 150 kcal per 
einstein, a few may err into the shallow potential trough of formaldehyde, 
and miss the opportunity to drop into deeper valleys, representing more 
stable configurations. In this way, traces of formaldehyde may be 
formed by an entirely accidental side reaction, which can have nothing 
in common with the highly specific and purposeful mechanism of 
photosynthesis. 

The same consideration applies to experiments in electric discharge tubes, irradiation 
with x-rays, and other treatments which break the molecules and afford the opportunity 
for the rearrangement of the broken pieces into all kinds of new patterns. The formation 
of formaldehyde by silent electric discharges and corona discharges in carbon dioxide- 
described by Losanitsch and Jovitschdtsch (1897), Berthelot (1898, 1^), Lob (1905, 
1906), Gibson (1908), Holt (1909), Moser and Isgarishev (1910) and Lunt (1925) — 
had for a while aroused much interest as an approach to the problem of artificial photo- 
synthesis. In. our opinion, the only aspect of these observations which may conceivably 
be of importance for the understanding of photosynthesis, is the contribution of atmos- 
pheric discharges to the first synthesis of organic matter on earth. 

. The results discussed above show that, even when the molecules of carbon dioxide 
and water are broken to pieces and .allowed to recombine at random, the chance that 
.they will form formaldehyde and oxygen is very small The same also seems to !« 
true. for, mixtures of carbon .dioxide and .hydrogen, despite the fact that in this etwi, 
the system .GILO and HaO represents as deep a potential trough as did the. system 
002 *4“ .2 H 2 in its initial state. TMele (1908) found no formaldehyde after the ultnir 
violet illumination of hydrogen-carbon dioxide mixtures, while Berthelot and Gaii<!eehon 
(1910), Coehn and Sieper (1916) and Mezzadroli and Babes (1929) asserted that same 
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formaldehyde is formed under these conditioM. Stokhisa and Zciciteicicy (I §12, l§iS) 
emphasized particularly the alleged photochemical production of forimicteliyde from 
carbon dioxide in presence of rmcerU hydrogen. They suggested that this is the actual 
photochemical reaction in photosynthesis, and tlmt nascent liydrogen can be formed in 
the plant by an enzymatic reaction. Since the reduction of carbon dioxide by hydrogen 
liberates a small amount of energy, while the dissociation of water Into hydrogen and 
oxygen requires even more energy than photosynthesis itself: 

(4.25a) 

(4.25b) 

(4.25) 


■ 2H2O + lS 7 ,kcal . 

2 H 2 + CO 2 ^ {CE,0\ + H2O + 25 keal 


H2O + CO2 > {CH2O! +O2- 112 kcal 

—it is obviously absurd to suggest that the first reaction is themml and the ^scond 
photochemical. 

. 3. Sensitized Reduction of Carbon Dioxide 

This section describes the investigations in which “artificial photo- 
synthesis” has been claimed as an accomplished fact. Their usual 
technique was to illuminate carbon dioxide solutions in presence of 
different sensitizers” and then search for traces of formaldehyde or 
other organic compounds as ardently as alchemists have searched for a 
grain of gold in the bottom of their crucibles. More often than not, 
no specific reductant was provided for the reduction of carbon dioxide, 
and the assumption that water acted as such was made without any 
attempt to confirm it by proving the liberation of oxygen. 

In our discussion of these experiments, we will endeavor to keep 
apart the two phenomena defined in the discussion of the sensitized oxi- 
dation of water: true photocatalysis (either of the decomposition of carbon 
di<mde, or of the reduction of carbon dioxide by a specific reductant) 

and photoreduction of carbon dioxide (or its derivatives) by the “sensi- 
tizer” Itself. 

In 1893, Bach found that a solution of carbon dioxide and uranyl 
reacts in hght; uranium oxides are precipitated, and Bach thought 
that carbon dioxide might be reduced to formaldehyde. The same 
sensitizers (uranyl salts) were used by Usher and Priestley (1906) 
and Moore and Webster (1918). The last named authors thought the 
state oi the sensitizer to be of particular importance; they 
obtemed positive formaldehyde tests in illuminated carbonate solutions 

that these 

results afford an explanation of natural photosynthesis, since colloidal 
present in the chloroplasts (c/. Chapter 14, page 376). 

Moorrsn^w K correctness of the experimental results 

^ ^hat happened in 

these expenments to the “sensitizers.” Did they remain unLnged, 
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thus playiag the part of true photocatalysts, or did they also serve as re- 
ductants? Of course, to reduce carbon dioxide by uranyl salts or ferrous 
salts would be an important success, since the oxidation-reduction po- 
tentials of these substances are far below the potential of the system 
C02-H2C0. Still, this reduction would represent only one-half of photo- 
synthesis, the remaining half being the reduction of the oxidized cata- 
lyst {e. g-f ferric iron) by water, leading to the liberation of oxygen 
(as in HilFs experiments with isolated chloroplasts). It is, however, 
improbable that Moore and Webster have achieved even that much, 
since Baur and Rebmann (1922), in attempts to repeat their experiments, 
have failed to observe any formation of formaldehyde, oxalic, glyoxalic 
or formic acid, not to speak of evolution of oxygen. 

(a) The Experiments of Baly and Dhar 

The subsequent development of the subject, in two long series of 
publications, one by Baly and coworkers in Liverpool (1927-1 940) and 
the other by Dhar and coworkers in Allahabad (India) (1925-1933), 
brought many spectacular claims, but no convincing results. One is 
therefore tempted to dispense with their presentation altogether; but 
wishing the reader to be able to form his own opinion as to the validity 
of claims which have been repeated so persistently (lastly, in Balyas 
monograph, Photosynthesis j published in 1940), we will review in some 
detail the experiments on which these claims were based. 

Baly’s experiments have attracted most attention, because of the, 
reputation of the author, and of the comparatively large yields of organic 
matter which he and his coworkers claimed to have obtained in their 
first investigations. 

Baly, Davies, Johnson and Shanassy (1927), employed white powders (barium sul- 
fate or alumina) as sensitizers, and used ultraviolet light. Baly, Stephan and Hood 
(1927) went over to the use of colored powders (basic carbonates of nickel and cobalt), 
illuminated by incandescent lamps. Carbon dioxide was bubbled for several hours 
through illuminated vessels containing these powders suspended in water; the solution 
was then separated from the powder and evaporated. A gummy residue was obtained 
which gave some aldehyde and sugar reactions (reduction of Benedict's solution, Molsch 
test; Rubner test; osazone formation). The carbonates soon lost their catalytic^' 
capacity; Baly attributed this to their oxidation by the oxygen produced by photo- 
synthesis (no direct test for oxygen production was ever attempted). The yield of 
^‘artificial carbohydrates,’’ obtained by Baly and Davies (1927) was up to 75 mg. in 
two hours, in a vessel with a surface of 300 sq. cm., i, e. “about equal to the yield of 
natural photosynthesis on an equal area covered by vegetation.” Baly and Hood 
(1929) found that the rate of “artificial photosynthesis” increased between 5® C. and 
31®, and declined between 31® and 41®, like that of natural photosynthesis. 

Difficulties in reproducing these first promising results soon arose, and 
the next ten years were spent on attempts to prepare reliable catalysts. 
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In 1931, Baly reporM two new methoiB for obtaining oatfilytioaliy active prepay* 

tiom: dectrolytic precipitation of basic nickel or cobalt carbonates, and deposition of 
thorium oxide-*' promoted'* ferric or chromic oxide on aliimliia-coated kieselguhr 
(diatomaoeons earth). However, Bell (1931) was unable to rei»at these exfierimenfe, 
and the same disappointment W8^ later experienced by Baly In 1937j, Baly 

announced that "two methods of preparmg active catalysts iiavo been now standard- 
ized." In 1939, he described the xmnM obtained with thew new catalysts; the whole 
development, from the "early investigaMons" to the "final achievement of photo 
synthesis of carbohydrates,** was reviewed in Baly's monograph, Phoimi/iithmm, in 1940. 

The two new methods of preparation of the sensitizers were: (a) the deposition of 
nickel oxide or cobaU oodde on Meselguhr; and (h) the precipitation of (unsupported) 
nickel oxide by the addition of potessium bicarbonate to a solution of nickel nitrate, 
and heating of the precipitate in mmo. The first method, although more complicated, 
had the advantage that the supported oxide layers did not dissolve in carbon dioxide- 
saturated water. 

In the investigation of Baly, Pepper and Vernon (1939), the surface potentials 
(f potentials) of the oxide-coated kieselguhr powdem were measiirefi by cataplioresis, 
and it was concluded that the coating consisted of three monomoleeular layers. One 
molecule of thorium oxide was incorporated into the surface layer for each 24 molecules 
of nickel oxide. 

In the preparation of unsupported oxide, attention was directed to the avoidance 
of the adsorption of alkali, which, according to Baly, is the main source of trouble 
with oxide catalysts. The unsupported catalysts, too, wenj prepareti with one molecule 
of Th02 as "promoter** for each 24 molecules of NiO. 

The successes obtained with the new preparations did not go beyond 
those achieved in 1927. Ten to 20 g. of the catalyst were suspended 
in 1.5 liters of air-free, carbon dioxide-saturated water, at 30® C., and 
illuminated for two hours by two 250-watt lamps. The irradiated 
liquid, separated by filtration, gave a positive Moliscli test upon satura- 
tion with sulfur dioxide. If the solution was left standing for two 
hours, or heated to 60®, the test became negative; this was taken as proof 
that the first product of artificial photosynthesis was unstable. Upon 
evaporation of the liquid, a whitish precipitate was obtained, which was 
shown by charring to contain some organic matter; but 30 mg. of this 
matter, collected from several irradiations, gave only traces of carbon 
dioxide and water in a microcombustion. This w’^as attributed by Baly 
to the content of the precipitate in silica and was not considered by him 
as a decisive argument against its predominantly organic nature. The 
precipitate was taken up in a little water, and treated for two hours with 
takadiastase at 37®. The product, tested with Fehling^s solution, gave 
, 7’-8 mg. of cuprous oxide. This was taken as a proof that the white 
precipitate contained kind of starch/^ which the diastase had con- 
verted into a reducing sugar. The yield of cuprous oxide could not be 
increased by prolonged irradiation; this was attributed by Baly to a 
poisoning of the catalysts by the products of photosynthesis. 

'pxis is what Baly called, the ‘'final achievement" of photosynthesis 
m vitro! It contained no proof of oxygen liberation; no proof of carbon 
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dioxide consumption; and only an unsuccessful attempt to prove the 
formation of organic matter by combustion. 

The obvious incompleteness of experimental evidence did not prevent Baly from 
giving a detailed picture of how six-membered inositol rings grow on the surface of 
nickel oxide around ^%ubs” provided by thorium oxide molecules; and bow a similar 
growth occurs in nature on the surface of chlorophyll crystals, also provided with an 
appropriate number of ^^anchor points*^ consisting of impurities.^ ^ Baly postulated--- 
without any proof— that nickelous oxide is oxidized in light by carbon dioxide to nickelic 
oxide, and the latter decomposes into nickelous oxide and oxygen, and that, in nature, 
chlorophyll a is oxidized by carbon dioxide to chlorophyll 6, and reduced back to chloro- 
phyll a by carotene (c/. page 554). 

Practically all attempts to repeat Balyas experiments elsewhere have 
given negative results. 

Only yainik and Trehuna (1931) have obtained positive formaldehyde tests with 
nickel and cobalt carbonate sensitizers (but also with other colored inorganic salts, as 
well as with ‘‘white powders colored blue, green or red by different dyes”). 

In attempting to repeat Balyas early work, Emerson (1929) found that a suspension 
of nickel carbonate absorbs carbon dioxide (probably by bicarbonate formation) in a 
completely reversible manner; this absorption is unaffected by light, and not accom- 
panied by oxygen evolution. The negative outcome of BelFs (1931) attempts to repeat 
the experiments with electrolyticaHy deposited carbonates and with Meselguhr-supported 
ferric oxide was mentioned before. Zseheile (1932) and Qureshi and Mohammad 
(1932, 1933) repeated Baly’s experiments with precipitated basic nickel and cobalt 
carbonates, “activated” (according to Balyas preeeption) by illumination with a mercury 
arc. The same tests for sugars and aldehydes as used by Baly failed to reveal the 
presence of any carbohydrates. 

No attempts to repeat Balyas latest experiments (1939) have as yet been published. 
We have no specific reasons to deny that the 5-7 mg. of cuprous oxide, which were 
precipitated by Fehling’s solution in these experiments, were due to the presence of 
a reducing sugar; or that this sugar was formed by the action of diasbise on “a kind 
of starch” (although the specificity of enzymes and the optical activity of the natural 
carbohydrates raises a difficult problem); or that this “starch” was formed by the 
reduction of carbonic acid by light and nickelous oxide. However, the inadequacy of 
experimental evidence and the results of previous controls outside Baly’s laboratory 
do not encourage us to give credence to these interpretations. It may be worth stressing 
the fact that, even if the sugar formation should be confirmed, the assertion that it 
represents the result of true photosynthesis would remain arbitrary as long as no oxygen 
evolution has been demonstrated- The rapid cessation of the reaction eertainiy does 
not speak in favor of true catalysis. 

Baly thought that he has achieved not only the photosynthesis of carbohydrates 
from carbon dioxide and water but also the photosynthesis of organic nitrogen com- 
pounds. Baudisch (1911, 1916), Baudisch and Mayer (1913) and Baudisch and Klinger 
(1916) have found that nitrate and nitrite solutions in aqueous formaldehyde or methanol 
are converted in daylight, first into formhydroxamic acid, (OH)CH=NOH, and then 
tato a large variety of complex nitrogen compounds. Baudisch suggested that, while 
carbon dioxide is photochemically reduced in the plants to formaldehyde (HaC—O), 
nitrate could be reduced to a similar compound— free nitrosyl, HN==0; after which the 
two products inay unite and give formhydroxamic acid. Baly, Heilbron and Hudson 
(1922) and Baly, Heilbron and Stem (1923) extended these experiments; and Baly, 
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Saunders and Morrison {</. BaJy 1940} claimed to liaFe pliotosynthoaizecl an amino acid, 
an alkaloid, and even a protein, by the ultmvioiet iilumiiiation of mixtures of nitrite and 
formaldehyde. Baly suggested that the ^‘co-aseimiktioii” of earlwuiates and nitrite 
is the source of organic nitrogen compounds in plants: 


(4.26) 


■ OH 

Eght ■ / 

HNOs + COs + 6 H — f HC +2 IL/i 

\ 

NOII 


These speculations have even less of an experimental foundation tluiii Baly*s liypotheses 
concerning the synthesis o! carbohydrates. 

In another series of papers on photosynthesis in mim— those of Dhar 
and coworkers/ it was claimed that positive tests for formaldehyde ■were 
obtained after the exposure of carbon dioxide or carbonate solutions in 
open vessels for several hours to **tropical sunlight.” (In wiiat respect 
this light is different from sunlight elsewhere, or from the light of a 
strong artificial source, was not made clear.) 

According to Dhar and Sanyal (1926), Rao and Dhar (193P'“), Rajwanshi and 
Dhar (1932) and Dliar and Ram (1932), formaldehyde can be detected after irradiation, 
even in pure solutions of carbon dioxide or sodium bicarbonate; the yielii can be increased 
by the addition of the following sensitizers: In carbon dioxide mluUom: FeCh, Fe(OH)s, 
FeSO^, NiS 04 , CoCOs, CuSOi, CuCO«, copper acetate, Cr^CBOdi, CrjOi, Cr(OH)i, 
MnCh, V 2 O&, NHrCe-nitrate, PdfNOs)!, tJOsCNOs)!, metliylene blue, methyl orange 
and malachite green; in sodium Ucarhemak soMiom: Fe(OH)i, C 0 CO 3 , NiCOi, 25nO, 
Mg and FeCOa. No formaldehyde was found in solutions ** sensitized^’ by cerous 
oxide, molybdic acid, rhodamine and safranine. The largest concentration of form-* 
aldehyde, obtained in carbon dioxide solutions after four hours of irradiation (In the 
presence of manganous chloride) was 8 X 10”-^%, while in bicarbmate solutions yields 
up to 4 X 1Q“”®% have been obtained. In the presence of zinc oxide or magiK^sium, 
Dhar and Ram (1932) obtained, in four hours, l-*3 mg. of formaldehyde. 

Results similar to those of Dhar were obtained by Mezzadroli and 
Vareton (1928), Mezzadroli and Babes (1929) and Gore (1934); but 
Burk (1927), Reggiani (1932), Qureshi and Mohammad (1932) and 
Maekinney (1933) were unable to confirm them. Some formaldehyde 
was found in experiments with dyestuffs. Since its occurrence, however, 
^d not depend on the presence of carbon dioxide, it must have originated 
in the decomposition of the dyestuff (c/. page 68). 

In refusing to accept as significant, from the point of view of photo- 
synthesis, the results of Dhar’s experiments, we take into consideration 
not only the danger of contamination and the generally unsatisfactory 
expermental technique, but alstf the general proposition, formulated on 
page 83, that as long as quantum yields remain extremely small (of the 
or er of 10 or 10 ®) everything is possible in photochemistry.” This 
apph^ not only to direct effects of ultraviolet light but even to sensitized 
reactions brought about by the comparatively small quanta of visible 
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light/ Once in a million absorption acts two photons may strike the 
same molecule or two excited molecules may collide and exchange 
energy, accumulating a quantum sufficiently large to cause the formation 
of a free atom or radical. Accidents of this kind may lead to the 
formation of a few molecules of formaldehyde in carbonate solutions 
subjected to a prolonged irradiation by visible light. The essential 
characteristic of natural photosynthesis is that the accumulation of 
energy occurs with an efficiency far in excess of anything explicable by 
statistical considerations. Unless we are able to imitate nature in this 
respect, we have no right to speak of having achieved /'artificial photo- 
synthesis’ —even if we should succeed in producing traces of formalde- 
hyde by a prolonged illumination of carbonate solutions. 

(b) The Experiments of Baur 

The series of papers by Baur and coworkers, dealing with artificial 
photosynthesis and related processes in a variety of systems in vitro ^ 
remain to be discussed. In many respects, they compare advantageously 
with the attempts of Baly and Dhar. Unfortunately, Baur’s adherence 
to a strange theory— the reduction of all photochemistry to electro- 
chemistry (cf. page 90) makes the reading of his papers difficult. The 
variety of systems investigated by Baur and coworkers was imposing, 
and the results were always reported in a scrupulous fashion. Neverthe- 
less, we do not believe that artificial photosynthesis has been achieved 
by Baur. Aside from the one very complex system (acetate silk- 
chlorophyll-cetyl alcohol) whose illumination allegedly yielded as much 
as 20 moles of formaldehyde per mole of chlorophyll present, the essence 
of all the other experiments was the formation of formaldehyde in 
quantities roughly equivalent to those of the sensitizing dyes used, and 
very small compared with the total quantity of the other organic compo- 
nents of the reacting system. The assumption that this formaldehyde 
was formed by the reduction of a carboxyl group, or of carbonic acid 
(and not by oxidation of an alcohol or hydrocarbon) cannot be considered 
as proved. The formation of oxygen was claimed only in an experiment 
which was termed by Baur himself as "preliminary” and in a recent in- 
vestigation, of which only an abstract could be obtained (c/. p. 93). 

His first papers (Schiller and Baur 1912, Baur and Rebmann 1922, and Baur and 
Btichi 1923) were concerned with the refutation of the claims by Usher and Priestley 
(1906), Moore and Webster (1913, 1918) and Baly, Heilbron and Barker (1921). In 
addition to showing that colloidal ferric oxide, ferric chloride, uranium oxide, sodium 
uranate, and malachite green do not convert carbon dioxide in light into formaldehyde 
or formic acid (as asserted by the above-mentioned authors), Baur and Btichi (1923) 
also investigated the action of dyestuffs (eosin, phosphine, malachite green) in non- 
aqueous systems (lecithin emulsions in xylene), as well as in the adsorbed state (on 
cotton and silk fiber) in the form of resinates, etc. No oxygen evolution was observed, 
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detected also in absence of carbon dio:d<fe, and tbiis must ba¥e origfimted in tlie decom- 
position of the dyestuff. 

In kter papers^ Baur mm not satisfied with the provision of a semUizer, but at- 
tempted also the substitution of a stoonger redmimd (In place of; water) or of a 
reluctant oxidant (in place' carbonic add). ■ He wm gmdeci in these, experiments "by 
a concept of photochemistiy as molecular efectrocliemistrj.” .He coaslclered a 
molecule excited by light absorption as **'j»lan.ied/^ with a positive unci a negative polai; 

, ' and ..treated all photochemical reactions as “depolarimtbiis” brought about by the 
; transfer of charges from the “light-polarissed*^ molecule to appropriate , acceptor. ■ 
Although this picture has little in common with well-founded concepts of molecular 
■' ' ^citaMon,. it can be used without much harm as a deseriplioa of wtain facte .of sea-., 
sitization. An excited molecule has no **plus” and “minus” pole, but it can have 
both an increased affinity for an electron (i c., the propertl« of an oxidant) ^ and the 
tendency to lose an electron (i, e., the properties of a reductaiit). When the excited 
molecule meets a reductant, it may oxidize it, by taking away an electron (Baur’s 
“cathodic depolarization”). If it meets an oxidant, it can reduce it by donating an 
electron (Baur^s “anodic depolarization”). 

Banr^s conception proved useful in practice in that it induced him to pay attention 
to the nature of the “depolarizers,” that is, to provide complete oxidation-reduction 
systems, and not to be satisfied with the reduction of carbon dioxide without asking 
whether the part of the reductant was played by water, by the sensitizer itself, or by 
some accidental component of the system. 

In a series of experiments, Baur has attempted to achieve the photochemical 
reduction of carbon dioxide by providing, in addition to sensitizers, rediictants (“anodic 
depolarizers”) which can be expected to donate their electrons more willingly than the 
water molecules. He tried (1928) urea, cyanamide, cyanide, teizidine and sodium 
sulfite (in benzene), with eosm, resinate dyes or chlorophyll m Bensitizers. He also 
attempted the fixation of the sensitizer by adsorption on carbonatoB (magnesia alba) 
and the combination in one molecule of the oxidant (carbonate ion) and sensitizer 
(uranyl ions, ferrous ions). He also used iron-substituted permutites (for a still stronger 
fixation of the sensitizers) and colored lacquers, in which tannin was supposed to create 
a molecular link between carbonate and sensitizer. AU these experiments gave negative 
resultsj no formaldehyde was produced, and no oxygen was liberated. Similarly 
ne^tive results were obtained also by Heggiani (1932), w'ho used eosin, quinine sulfate, 
methylene blue, rhodamine, thionine, and methyl orange as sensitizers, in both artificial 
fight and sunlight, and sodium sulfide, hydrogen, zinc, Dewarda alloy, pyrogallol and 
hydroquinone as reductants. 

J In another series of experiments, Baur substituted carboxyl groups for carbonate 
ions as substrates of reduction (c/. page 80). At first (1928), he used ^-resorcylic acid 
other polyphenolcarboxvfic acids. Then he tried carboxyl-containing dyestuffs, 


i^and pseudopurpurin, with different reductents (“anodic depolarizers”), in 
uniting sensitizer and oxidant (carboxyl) in one molecule might yield 
However, no oxy^n or formaldehyde were obtained in these experlmente 


experiments, (1935), Baur arrived at the con elusion 
capable of producing formaldehyde by the reduction 
ts two carboxyl groups (c/, Formula 16.111), and, what is more, that 
^ earned out oi the cost of water j by the intermediary 

n i^ry reversibk oxidation-reduction system, e. methyleiie 
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blue-leuco methylene bine?) This ■ eonclusion — which, if correct, would 
be of extraordinary importance for the theory of photosynthesis, and for 
the imitation of this process in vitro— wm based on the observation that' 
formaldehyde can be detected in water in which collodion films impreg- 
nated with alcoholic solutions of the two idyestuffs have been exposed 
to light; We mentioned on page 68 the controversy concerning the 
formaldehyde formation by gelatin films containing only chlorophyll. 
(Baur found no formaldehyde after the illumination of pure cMoro- 
phyll-collodion films, but obtained positive results with chlorophyll- 
methylene blue films. One possible explanation of these results is the 
photoxidatmi of methyl groups in methylene blue by chlorophyll (or of 
methyl groups of chlorophyll by methylene blue); but (Baur suggested 
a more complicated mechanism, described by the series of equation 
(4.27) in which excited chlorophyll molecules are alternatively ^^depolar- 
ized by hydrogen and hydroxyl ions, and whose final result is the 
oxidation of water by the carboxyl group of chlorophyll, with methylene 
blue playing the part of a catalyst (XCOOR is chlorophyll, MB is 
methylene blue and MB" — is leuco methylene blue): 
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The scheme is obviously a very arbitrary one. Baur, however, used 
it as a starting point for a whole series of experiments. First, he showed 
(Baur and Fricker 1937)^ that chlorophyll can be replaced by eosin and 
that other reversibly reducible dyestuffs or inorganic redox systems can 
be substituted for methylene blue. Instead of collodion films, he found 
colophony (rosin) suspensions in water more suitable. The “sensitizer^' 
(chlorophyll or eosin) was contained in the sol particles, the “auxiliary" 
redox pair in the aqueous phase. The auxiliary systems included 
thionine, malachite green, saf ranine, quercetin, Janus red, neutral red, 
phenosafranine, gallocyanin, hydroquinone, Nile blue and ferric chloride, 
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i. e., systems of widely different oxidation-reduction potentials. How- 
ever, formaldehyde was obtained with all of them, and none W'as obtained 
from chlorophyll or eosin sols in the absence of an auxiliary system. 
The yield was from 16 to 70% of the material available in the two 
carboxyl groups of chlorophyll. Baur attached a particular importance 
to experiments with ferric salts and quercetin because both are common 
components of plants. 

In this work, no attempt was made to prove the evolution of oxygen. 
Assuming that oxygen might cause a partial photoxidation of chlorophyll, 
Baur attempted to improve the yield by adding substances capable of 
“catching” oxygen,— rubrene and carotene. Rubrene (in benzene) was 
without effect; carotene (in palm oil suspension) increased the yield by 
about 30%, which was considered as significant. No formaldehyde was 
obtained from chlorophyll adsorbed on alumina (suspended in methylene 
blue solution); from nonfluorescent chlorophyll, preparations (copper 
phaeophytin) and from water-soluble dyes (e. g. gallocyanin), which 
gave no two-phase systems. Baur and Gloor (1937) tested several other 
dyes as sensitizers and oxidants, and found that only esterified com- 
pounds can be used, whereas compounds containing free carboxyl groups 
gave no formaldehyde. Rhodamine derivatives were found to be even 
better oxidants than eosin. Baur, Gloor and Kiinzler (1938) obtained 
positive results with rhodamine both in colophony sols and collodion 
films, and found an increase of the yield with increasing length of the 
alcohol molecule in the ester; the free acid, rhodamine B, w'as ineffective. 
They endeavored further to bring about suitable conditions for the 
recarboxylation of the (supposedly) decarboxylated dyestuff ; and thought 
that the use of Cl” phases (higher alcohols), which take carboxylic 
acids out of the aqueous phase, might help to shift the equilibrium 
RH -f" CO 2 . RCOOH towards a more complete carboxylation (c/., 
however, Chapter 8, page 179). Different “ol” compounds were found 
useful, particularly geraniol. The authors then used a carbon dioxide 
atmosphere, to favor still more the recarboxylation of the oxidant. 
Positive results were obtained, however, only with two very special 
systems: mashed leaves in geraniol, and acetatq silk-chlorophyll-cetyl 
alcohol. The latter system formed twenty times more formaldehyde 
Jan could be accounted for by the carboxyl groups of chlorophyll, 
ims expenment was announced as the first successful photochemical 
re uction of carbon dioxide in vitro, Baur also tried to give the proof of 
complete photosynthesis in this system by demonstrating the liberation 
m oxygen; but the analytical results were not very consistent and the 
autiiors themselves termed them ^^preliminary.'’ 

hty Gloor and Kiinzler (1938) found that positive results can also 

be obtamed with sensitizers not containing esterified carboxyl groups, if 
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a higher alcohol is provided which is capable of binding carbon dioxide 
in a substituted carbonic acid ester; 

( 4 . 28 ) C02 + B.OH-~ >RHCOr 

In other words, carbon dioxide must be bound to a lipophilic organic 
molecule, and thus held in the nonaqueous phase. Whether this is 

■ .O' 

■ ■ ■ 11 

achieved by the formation of an esterified carboxyl group, Ri — C — OR 2 , 

O 

or by the formation of a carbonic acid ester, HO — C — OR, is unimportant; 
in both cases, if R is sufficiently large, the product is lipophilic and does 
not pass into the aqueous phase. (The absence of free carboxyl reduces 
the affinity to water.) In the first case, the oxidant can also be the 
sensitizer; in the second case, a separate sensitizer must be added. 
Baur, Gloor and Kiinzler used acetate silk, colored with “cibacet” or 
^^celliton'^ dyes, coated with cetyl alcohol and suspended in aqueous 
methylene blue solution, which also contained suspended calcium 
carbonate. From all these experiments, {Baur concluded that the 
prerequisite of artificial photosynthesis is a two-phase system^ with the 
sensitizer and oxidant in a nonaqueous phase, and the reductant and an 
auxiliary oxidation-reduction system^^ in the aqueous phase.^ 

Cin 1943 Baur and Niggli announced that two-phase systems contain- 
ing chlorophyll in geraniol or phytol (e. g., 50 mg. chlorophyll in 25 ml 
geraniol), and methylene blue in dry glycerol (e, g., 30 mg. in 50 ml.), 
produced steadily from circulating carbon dioxide gas both oxygen and 
formaldehyde, at a rate of about 5 mg. per 24 hours, which corresponds 
to about 5% of the saturation yield produced by the same quantity of 
pigment in a living plant?^ 

Bukatsch (1939) thought that ascorbic add (cf. Chapter 10) may play the part of 
the “auxiliary system.” He therefore compounded two-phase mixtures containiug 
ascorbic acid (chlorophyll in colophony or lecithin; ascorbic acid in water), and obtained 
positive formaldehyde tests (with Schijff^s reagent) after illuminating these systems for 
5-15 hours with 25,000 lux. 

Our opinion of BauFs work was stated at the beginning of this 
discussion. Despite the unnecessary complication introduced by the 
^^electrophotochemical” terminology, the general idea of the research 
was sound. The provision of complete oxidation-reduction systems, 
the substitution of less reluctant oxidants and reductants for carbon 
dioxide and water, the attempts to unite the reactants in molecular 
complexes, and to separate the products by the provision of two phases— 
aU these were reasonable steps towards the reproduction of the essential 
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conditioEs of photosynthesis* However^ the technique of Baur^s experi- 
ments was so primitive, and so devoid of the modern quantitetive 
approach to the problems of photochemistry, and conclusions were drawn 
so hastily, that it is impossible to accept any of them as well founded, 
let alone proved. The experiments of Baur were hurried excursions 
along paths which, if more patiently explored, may perhaps one day lead 
to important results. 
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Chaptek 5 

PHOTOSYNTHESIS AND' CHEMOSYNTHESIS OF BACTERIA 

A. Bacterial Photosynthesis * 

1. Types of Autotrophic Bacteria 

Most bacteria are heterotrophic organisms, that is, unlike the avio- 
trophic green plants, they are unable to synthesize their organic matter 
directly from carbon dioxide, but require organic nutrients, in common 
with animals and fungi. They live either in host organisms as parasites 
or in media containing organic decay products. ^ 

However, there are two groups of bacteria which are exceptions to 
this rule. The first group, 'which consists of photautotrophic bacteria, 
is capable of reducing carbon dioxide to organic matter in light, using 
hydrogen sulfide, thiosulfate, hydrogen or other inorganic or organic 
reductants (but water, as do the higher green plants). Green and 
purple sulfur bacteria Bixe representatives of this group; they thrive in 
sulfide-containing media, and most of them are more or less strictly 
anaerobic. 

A second group is formed by chemautotrophic bacteria, colorless 
organisms which reduce carbon dioxide to organic matter in the dark, 
by coupling this reaction with different energy-releasing chemical proc- 
esses. They live in media containing oxidizable substances (sulfide, 
ferrous iron, methane, etc.) and generally need oxygen (although some 
can use nitrate instead). 

The photosynthetic activity of purple bacteria was discovered by 
Engelmann in 1883. At first, he merely noticed their phototropism 
which is similar to that of the motile green algae. Under the microscope, 
the purple bacteria could be observed gathering in a beam of light. 
Later (1888), Engelmann proved that these bacteria cannot develop in 
absence of light. If a spectrum is thrown on a culture of purple bacteria, 
they grow only in the absorption bands of the green ''bacteriochloro- 
phylL^ which is found in all of them, together with a variable assortment 
of carotenoids (c/. Eymers and Wassink 1938). The strongest absorption 
band of bacteriochlorophyll lies in the near infrared. Engelmann (1888) 
pointed out that here for the first time, invisible light appeared to be 
active in photosynthesis; later, Dangeard (1921, 1927) confirmed this 

* Bibliography, page 125. 
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and demonstrated that purple bacteria can develop in complete darkness 
if they are exposed to infrared radiation. Engelraann thought that 
purple bacteria are normal photosynthesizing organisms, although he 
was unable to prove, even by means of the extremely oxygen-sensitive 
motile bacteria, that they produce oxygen in light. He suggested that 
all oxygen formed by purple bacteria is immediately utilized for the 
oxidation of sulfide to sulfur. 

The inability of purple bacteria to produce oxygen was confirmed by 
Molisch (1907) and van Niel (1931), by means of the even more sensitive 
luminous bacteria of Beijerinck. On the other hand, Czurda (1936), 
who observed the oxidation of leueo dyes by purple bacteria in light, and 
Nakamura (1937), who noticed the decrease in their oxygen consximption 
in light, interpreted these results as indirect evidence of a photochemical 
production of oxygen. Van Niel (1941) suggested that the first observa- 
tion can be explained by the utilization of the leueo dye as reductant in 
photosynthesis, while the second one proves merely that the respiration 
of purple bacteria is inhibited by light (c/. page 111). Van Niel exposed 
dense suspensions of purple bacteria, mixed vdth luminous bacteria, to 
prolonged illumination in closed bottles, without ever being able to 
detect the slightest traces -of oxygen. The indirect arguments of Czurda 
and Nakamura do not avail against these direct proofs, as was later 
conceded by Czurda (1937). 

While Engelmann thought that purple bacteria are normal photo- 
synthesizing organisms, whose oxygen output is used up by a secondary 
dark metabolic process, Vinogradsky (1887, 1888) saw in this dark 
metabolism the main source of organic matter in the bacteria. He 
based this view on analogies with the colorless chemautotrophic sulfur 
bacteria, which derive the energy required for organic synthesis, from 
the chemical oxidation of sulfide by oxygen. 

If Vinogradsky’s conception was correct, why should light be at all 
necessary for the development of purple bacteria? Vinogradsky, and 
Skene (1914) offered the following explanation. Purple bacteria thrive ' 
only under anaerobic conditions; they are thus unable to use atmospheric 
oxygen for the oxidation of sulfide. Vinogradsky and Skene surmised 
that purple bacteria live in symbiosis with green photosynthesizing 
bacteria, the latter supplying them with oxygen of such low partial 
pressure as not to disturb their anaerobic metabolism. However, this 
ypothesis had to be abandoned when pure cultures of purple bacteria 
were obtained and found capable of independent growth in light. Buder 
(1919, 1920) suggested that photosynthesis is carried out by the purple 
bacteria themselves, to supply the small quantities of oxygen they 
reqyure for the oxidation of sulfide. He maintained that the latter is 

their mam source of metabolic energy. 
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M with both Engelmann and Vinogradsky. 

He thought that purple bacteria are not autotrophic at all, but ptoo- 
heterotrophiCj i. e.^ that they require organic nutrients but are capable of 
assimilating them only in light. This confused situation was clarified by 
van Niel and coworkers in several important papers (van Niel 1930^ 1931 ; 
van Niel and Muller 1931; Muller 1933, Roelefson 1934, van Niel 1935, 
1936^’^ 1937; Foster 1940; review by van Niel 1941). Significant con- 
tributions to this field also were made by Gaffron (1933, 1934, 1935^' 0 
as well as by French (1936, 1937^*^), Wessler and French (1939), Eymers 
and Wassink (1938), Nakamura (1937^'^ 1938^*^ 1939) and Sapoahnikov 
,(1937). ■■ v/'. 

The two main r^^ults of van NieFs investigations were as follows: 

(i) Engelmann, Vinogradsky and Molisch all observed correctly, but 
used different organisms. There are two kinds of sulfur bacteria: pig- 
mented, photautotrophic sulfur bacteria (Engelmann) ; and nonpigmented, 
chemautotropMc sulfur bacteria (Vinogradsky). In addition, there is a 
second kind of pigmented bacteria, the heterotrovMc purple bacteria 
(Molisch). 

(^) In the photosynthesizing sulfur bacteria the oxidation of hydrogen 
sulfide is not an independent process, coupled with normal photosynthesis 
through the intermediary of free oxygen, but is a part of the photo- 
synthetic mechanism itself. The photosynthesis of these bacteria differs 
from that of the higher plants, in that hydrogen sulfide takes the place of 
water as reductant. (Gaffron suggested that this type of photochemical 
metabolism be designated as photoreduction rather than photosynthesis.) 
However, hydrogen sulfide is not the only reductant which the purple bac- 
teria can use; in contrast to the photosynthesis of the higher plants, their 
metabolism is highly adaptable. Some species prefer certain specific re- 
ductants; but others can use indiscriminantly a large variety of hydrogen 
donors. Therefore, only a tentative classification of pigmented bacteria 
according to their normal photosynthetic function is possible. Table 5J, 
taken from van Niel (1941), shows the three main classes: green sulfur 
bacteriaj purple sulfur bacteria (Thiorhodaceae) y Q>nd purple ^‘nomulfur^^ 
bacteira {Athiorhodaceae) . (Franck and Gaffron designated them as green, 
red and purple bacteria, respectively; actually the color of both Thio- 
rhodaceae QXid Athiorhodaceae can be purple, bright red or brown, de- 
pending on the nature of the carotenoids associated with the green 
^(bacteriochlorophy 11.^0 The pigment of green bacteria is the so-called 
^^bacterioviridiE” (page 445), whose structure probably is intermediate 
between those of bacteriochlorophyll and ordinary chlorophyll. 

Table 5.1 shows the variety of compounds which purple sulfur bacteria 
can use for the reduction of carbon dioxide. Sapozhnikov (1937) found 
that selenium cm be substituted for sulfur. The purple nonsulfur 
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^Tabm 6.1 

’Chabactebistics op the Thee® Gbohps of pHOTOSYNTHBsrziNa Bacteeia 
(aftek tan Niex.) 


Gbeen bacteria: 


Green-colored bacteria, occuriiiig in hydrogen sulfide media. 
Photosynthetic activity seems restricted to pliotoreductioa of 
carbon dioxide with hydrogm $ulfide as hydrogen donor. 
Oxidation proc^ds only to elementary mifun Other sulfur 
compounds and organic substances not used as hydrogen 
donors. Organic growth factors not required. 

Purple to red-colored bacteria, ak> occurring primarily in 
sulfide-containing media. Capable of oxidizing mriom twor- 
ganic compmmdk to Bulfaie with the simultaneous 

photoreduction of carbon dioxide. Various organic sub- 
stances,. particularly the lower foMy acwfe, and some hydroxy 
and diham acidSj can be used as hydrogen donors instead of 
sulfide. Some species can also use molecular hydrogen. Or- 
ganic growth factors not required. 

Purple, red or brown-colored bacteria, occurring principally 
in media containing organic compounds. Capable of photo- 
chemical reduction of carbon dioxide with a lar^e numbm- of 
diff&rerd organic redudan!^; some species can use rmhc^dar 
hydrogen. Although some species are also capable of oxidizing 
inorganic mdfw compounds to sulfate, growth depends on the 
presence of small amounts of complex organic materials, such 
as yeast extract, which presumably furnish nec^sary organic 
growth factors. 


PUBPLE SULFTJB 
BACTBEIA 
(Thiorhodaceae 
Molisch) : 


Purple 

NONSULFUR 

BACTERIA 

(Aihiorhodaceae 
Molisch) ; 


bacteria normally require an organic source of hydrogen. They thrive 
on a large variety of organic compounds, including acids, alcohols, 
hydroxy acids, etc. 

2. The Over-M Photosynthetic Reactions of Autotrophic Bacteria 

OvCT-all chemical equations have not yet been established for all the 
forms of bacterial photosynth^is by analyses comparable in precision to 
those which lead to equation (3.6) and (3.7) for the over-all reaction of 
nonnal photeynthesis. Since the oxidation products of bacterial 
photosynthesis are solids (f g., sulfur) or solutes (e. g., sulfuric acid), 
they are umuitable for manometric assay, which is so convenient for the 
detemmation of the “photosynthetic quotient” of the higher plants. 

On the other hand, bacterial photosyntheses offer the possibUity of 
determining the consumption of the reductant (e. g., hydrogen sulfide or 
hydrogen) simultaneously with that of the oxidant (carbon dioxide), 
whereas a determmationbf water consumption in normal photosynthesis 
18 practically impossible. f » 
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The relation between the quantities of carbon dioxide and hydrogen 
sulfide consumed, by bacteria was determined by van Mel (1930, 1931) 
for a species of purple bacteria which oxMizes sulfide to sulfate. The 
over-all reaction deduced from these experiments, was: 

(5.1) CO 2 + J (HS)Si. + HsO ->{CH20} + i(HS04)5i|. -Tkca! 

This and the following equations of bacterial photosynth^is have been rewritten 
in the ionic form most suitable for reactions in aqueous phases. For the sake of uni- 
formity all equations have been reduced to the assimilation of one molecule of carbon 
dioxide, even if this necessitated the use of fractional coefficients. 

Formula (5.1) implies the following photosynthetic quotients^^ : 

( 5 . 2 ) - ACO 2 : - AHaS : AH 3 SO 4 = 2 : 1 : 1 

The observed ratios are shown in table 6.11. These ratios are close to 


TABIiB 5.II 

The Photosynthetic Quotients for Purple Sulfur Bacteria 
(after VAN NiEL) 


After days 

AHsSO* 

- AHsS 

' ■ , ACO« ' 

ABS ' ■■ 

L 15 

0.98 

1.86 

27 

0.97 

1,80 

34 

0.88 

1.78 

42 

0.95 

1.94 

11.14 

0.97 

1.94 

24 

0.99 

1.98 


the stoichiometric values, thus proving that carbon dioxide and hydrogen 
sulfide take part in a common reaction, and not in two “coupled” meta- 
bolic processes, as assumed by Buder. A further proof of the absence of 
a separate photosynthetic reaction not involving the sulfide is the fact 
that the consumption of carbon dioxide ceases as soon as the supply of 
sulfide has been exhausted (instead of continuing with the liberation of 
oxygen, as one would expect according to the theories of Vinogradsky 
and Buder). ' : 

Van Niel also measured the gas exchange of green sulfur bacteria, 
and found it to be in agreement with the following equation: 

(5.2) CO 2 + 2 {CH 2 O} + mo + 2 S -f 5.1 kcal 

As mentioned above, various species of purple sulfur bacteria are capable 
of reducing carbon dioxide by means of compounds intermediate between 
sulfide and sulfate, e, g., free sulfur, thiosulfate or sulfite. The following 
over-all equations were suggested by van Niel for these forms of bacterial 
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photossnathesis: 

(6.3) CO 2 + I HjO + I S > {CHjO} + I Hi,. + I (SOi)^,- - 14 kcal 

(5.4) COs + f H 2 O + HSsOs):? ^ — > {CH,OI + (HS0,)5,. - f)kcal 

(5.6) CO2 + HjO + 2 (HSOs)Sj. »• [CHsO) + 2 (HSO,)^,. + 17 kcal 

A form of bacterial photosynthesis particularly suitable for quanti- 
tative study, is the carbon dioxide-hydrogen assimilation wiiich produces 
only organic matter and water. According to the equation: 

(5.6) CO 2 + 2 Hs > ICH.01 •+• HsO + 25.1 kcal 

the quotient AH 2 /ACO 2 should be equal to 2. 

Reaction (5.6) was discovered by Roelefson (1934) in the studj- of 
Thiorhodaceae. In the same year, Gaffron found, that certain Athio- 
rhodaceae also can reduce carbon dioxide by means of molecular hydrogen 
in light. Table 5.III contains several determinations of the “photo- 


Tabub 5.III 

Photosynthetig Quotients op Hydeogem-Consumincj Bactekia 


Organism 

AHj/ACO® 

Observer 

(Rkodovihrio parvus 

1.85-2.25 

Gaffron (1935) 

Aihiorhodaceael Streptococcus varians 

2.2 -2.6 

van Niel (1941) 

[Streptococcus varians 

2.6 

Wessler and French (1939) 

Thiorhodaceae: Chromatium sp. 

2.4 

van Niel (1936) 


synthetic quotient’’ AH 2 /ACO 2 . Most values in the table arc somewhat 
larger than 2, indicating a possible formation of products reduced beyond 
the carbohydrate stage. 

We have given, in equations (5.2) to (5.6), the heats of the photo- 
reduction of one mole of carbon dioxide by bacteria (calculated from the 
data of Bichowsky and Rossini, assuming 51 kcal for the heat of formation 
of the {CH 2 O} group). They vary between AH = + 13 kcal for the oxi- 
dation of sulfur to sulfuric acid, and AH = — 25 kcal for the reduction 
of carbon dioxide by molecular hydrogen. Thus, the photochemical 
reactions of autotrophic bacteria are either exothermal, or only weakl}^ 
endothermal (as compared with the photosynthesis of the higher plants, 
AH =112 kcal). However, the reduction of carbon dioxide by ele- 
mentary selenium (Sapozhnikov) should involve the accumulation of as 
much as 60 kcal per mole (if selenium is oxidized to selenic acid). Fur- 
thermore, according to Eymers and Wassink (1938) the ctxrbon dioxide 
reduction by thiosulfate in Chromatium D leads to the oxidation of the 
latter to tetrathionatej a strongly endothermal reaction. Using the heats 
of formation of the ions given by Bichowsky and Rossini, we obtain: 

(5.7) CO2 + 4 ( 8203 )^ 5 : + 3 H 2 O ^ {CH2O} + 2 (S406)aq. -f 

" — '68 kcal 
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In confirmation of this hypothesis, Eymers and Wassink quoted the 
observation that, for each molecule of carbon dioxide assimilated by the 
bacteria, four Avere taken up by the medium — obviously to neutralize the 
four hydroxyl ions. However, most of the energy accumulation in (5.7) 
is associated with the formation of the four hydroxyl ions. If this re- 
action occurs in an acid medium, and the hydroxyl ions are neutralized, 
the heat effect is only - 12.5 kcal. 

Altogether, it appears that bacterial photosynthesis is not necessarily 
inefficient as far as energy conversion is concerned, but can lead to the 
conversion into chemical energy of up to one-third or one-half the 
amount which is accumulated in the photosynthesis of the higher plants. 

Because electrolytes are involved in many forms of bacterial photo- 
synthesis, the free energies of these reactions often differ considerably 
from their total energies (while the free energy of normal photosynthesis 
is almost equal to its total energy; cf. Table 3.V). Calculated for 
standard conditions (atmospheric pressures of gases and one-molar 
solutions of the solutes), the gains in free energy in different forms of 
bacterial photosynthesis, generally are larger than those in total energy, 
by as much as 20 or 30 kcal per mole. For example, the free energy of 
reaction (5.7) is AF = 97 kcal per mole in alkaline, and 20 kcal in acid 
solution. 

In reactions (5.1) to (5.6), carbon dioxide is reduced to carbohydrate 
by means of different inorganic reductants. In chapter 3, we have 
interpreted normal photosynthesis as a transfer of hydrogen atoms from 
water to carbon dioxide. Van Niel (1931, 1935) generalized this concept 
by describing all forms of bacterial photosynthesis as hydrogen transfers 
from various hydrogen donors (reductants) to carbon dioxide as the 
common hydrogen acceptor. 

In analogy to the two alternatives, (3.13) and (3.14), in normal 
photosynthesis, the generalized equation of photo.synthesis can be 
written in two forms; 

light 

(5.8a) CO 2 + 4 WR > {CHsOj + HsO -h 4 R' or 

light 

(5.8b) CO 2 + 2 il"m JCHsOl + H 2 O +■ 2 R'^ . 

In the first formulation, each molecule of the reductant contributes one, 
and in the second formulation two, hydrogen atoms, towards the reduction 
of one molecule of carbon dioxide. 

In the case of normal photosynthesis, R' is OH, or — if formulation 
(5.8b) is preferred— R" is O. In the case of photoreduction with sulfide, 
R' is SH or R" is S, and in that of photoreduction with hydrogen, R' is 
H or R" is nothing. The application of equations (5.8) when the 
reductant contains no hydrogen at all (as in the case of elementary 
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sulfur), or is unlikely to yield it (as in the case of the bisulfite ion, HSO3-), 
will be demonstrated in chapter 9 (page 220). 

Van Niel’s generalized concept of bacterial photosynthesis adds an 
important argument in favor of the “intermolecular oxidation-reduction” 
theory of normal photosynthesis, and against the Willstatter-Stoll 
“internal rearrangement” theory. The easily verifiable fact that in the 
photosynthesis of sulfur bacteria, the reduction of carbon dioxide leads 
to the production of sulfur, and not of one part of sulfur and two parts 
of oxygen (or of sulfur dioxide) is analogous to the fact — proved with 
much more difficulty by the radioactive isotope experiments of Ruben, 
Randall, Kamen and Hyde (page 55) — that all oxygen in ordinary photo- 
synthesis originates in water. 

3. Combined Photosjmthesis and Heterotrophic Assimilation 
of Photoheterotrophic Bacteria 

The metabolism of the "photoheterotrophic” bacteria — that is, bac- 
teria which require light for the assimilation of organic nutrients, seemed 
at first to be quite different from that of the “photautotrophic” bacteria 
discussed above. However, van Niel made it plausible that the organic 
nutrients serve primarily (although not exclusively) as hydrogen donors, 
so that the generalized equations (5.8), with R now standing for an 
organic radical, apply to these organisms as well. 

The study of the photosynthesis of heterotrophic bacteria had at first 
encountered difficulties, because the organisms employed were found to 
require yeast extracts or peptones, and would not thrive in solutions of 
pure organic compounds. However, this difficulty was overcome by 
Gaffron (1933) and Muller (1933). Muller used Thiorhadaceae, which 
were found capable of subsisting not only in sulfide media but also in fatty 
acid solutmns; while Gaffron (1933, 1935) found that the Aihiorhodacea, 
Rhodovibrio parvus, grown in a yeast extract, can be transferred into a 
simple organic solution for the study of its photosynthetic activity. 
Similar observations were made by van Niel (1941) with Spirillum 
rvbrum. In these investigations, fatty acids were used as organic hydro- 
gen donors. However, the utilization of these compounds goes far 
beyond the contribution of one or two hydrogen atoms. In fact, 
; Muller and Gaffron found that the acids are completely used up, leaving 
^ no organic residue at all. It is formally possible to explain this complete 
assinffiation in terms of photochemical dehydrogenation, by assuming 
the transfer of aM hydrogen atoms to carbon dioxide, and a conversion 
: of all carbon atoms into carbon dioxide (c/. Eq. 5.15). However, this 
explanation is speculative; at least a part of the carbon atoms could be 
Msinffiated directly, without taking the roundabout way through carbon 
dioxide. The fact that the assimilation occurs only in light, and often 
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requires the presence of carbon dioxide (which is " coassimilated” with 
the acid), makes it probable that the initial step is a photochemical 
reaction between the organic substrate and carbon dioxide; but the 
subsequent stages of the process could include the direct “ heterotrophic ” 
assimilation of the organic material. 

Under these conditions, it is important that Foster (1940) found 
organiii substrates capable of yielding only two hydrogen atoms to carbon 
dioxide in light, and resisting any further assimilation. These were 
seayndary alcohols. The carbon chain in these compounds is not attacked 
by purple bacteria, and the reaction in light is restricted to the transfer 
of two hydrogen atoms from the alcohol to carbon dioxide, according to 
the equation: 


Rj 


Ri 


(6.9) 


\ 


\ light ^ 

5 CHOH + COs >2 C==0 + ICHjO) + H,0 

R, 


For example, isopropanol is quantitatively converted into acetone: 

(5.10) 2 (CH,)jCHOH + CO, — - — > 2 (CH,)aCO + {CH 2 O} + H,0 - 14 kcal 

Foster found for this reaction, the “photosynthetic quotients” given 
in table 5. IV. 

Tabmj 5 .IV 

Photostnthetic Quotients fob BactebiaI/ Photosynthesis with Isopkopanoi. 


Time, 

days 

A Isopropantol 

A Acetone 

ACOs 

— A Isopropanoi 

6 

2.22 

1.02 

, § ■ 

2.02 

1.06 

12 . , 

2.00 

1.02 

"15 

2.12 

1.00 

■ .'19'. 

1.97 

1.02 

25 

1.97 

1.02 

'Theoretical ■' 

2.0 

l.O 


We shall now return to the assimilation of fatty acids and attempt 
to analyze it in terms of photoreduction combined with direct assimila- 
tion. A “pure” photoreduction of fatty acids, if it is to lead to carbo- 
hydrates as the only products, must involve either “coassinoilation” or 
liberation of carbon dioxide. When the substrate is “overreduced” 
(compared to the carbohydrates), it must be diluted with carbon dioxide; 
when it is “underreduced,” some carbon dioxide must be eliminated. 
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The following general equations can be derived for monoba.sic acids; 

(5.11) C.H„.,COOH + i^CO. + !^Hrf) ICiWl 

— (12ri. 4" I ) kcal 

and for dibasic acids : 

(5.12) aH2„(COOH)2 + GOi + H»0 — > i CH 20 1 

— (18« + 4) kcal 

The heats of the reactions (5.11) and (5.12) have been estimated by assuming 
112 kcal for the heat of combustion of {CH^i, (166« + 55) kcal for that of monobasic 
acids, and (150w + 60) kcal for that of dibasic acids. 

Equation (5.11) indicates consumption of carbon dioxide for n > 1 
and liberation for n < 1, while equation (5.12) require.s absorption of 
carbon dioxide for n > 3 and its liberation for n < 3. The theoretical 
“photosynthetic quotients,” ACO2/AFA (FA = fatty acid) are (n - l)/2 
for monobasic and (ra — 3)/2 for dibasic acids. 

On the whole, these deductions are confirmed by experiments, 
although the agreement is only qualitative, and individual results scatter 
considerably. Muller (1933) found that Thiorhodaceae liberate carbon 
dioxide in the photoreduction of- lactate and malatc (as they should 
according to stoichiometric equations, analogous to 5.11 and 5.12, which 
can be set up for hydroxy acids), but consume it in that of butyrate (in 
accordance with equation 5.11). Significantly, no butyrate assimilation 
was observed unless bicarbonate was also provided. More detailed 
results have been obtained by Gaffron (1933, 1935) with the Aihio- 
rhodaceae (Rhodovibrio). He found the following values of the “photo- 
synthetic quotient” Qp = ACOa/AFA. 

Table 5.V 


Qp = ACOs/AFA for Rhodovibrio (Gafpron) and Spirillum rcbru.m (van Niel) 


Acid 

n 

Qp 

;■ Acid 

n 

Qp ' 

Observed 

Calo. 

Observed 

Calc.' 

Acetic 

1 

-0.25 to 

0 

Methyl 

4; 

1 0J8-0.91.'' , 

■ vlJ',' 



0.11 


ethyl 





;■ 1 ■ 

-0.21 (y.N.) 


acetic 




Propionic i 

2 ' 

0.2W).42 

0.5 

?i-Caproic i 

5 

OJO-1.34 




0.31 (v.N.) 






n-Bntyric 

3 

0.30-0.43 

1 

i-Caproic 

5 

I.IO-IJO 

■2' 



0.65 (v.N.) 






^-Butyric , 

3 

0.61 

1 

Heptylic 

6 

1.03-1.54 

2.5 

( n-V aleric 

4 

0.62-0.90 

1.5 

Caprylie 

7 

1.60-1.96 

'3'" 

, i-Valeric 

4 

0.83 

1.5 

Nonylic 

8 


3.5 

' 
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Gaff ron^s results showed the expected /general increase of Q? with 
with the notable exception of n-butyric acid. He saw in the different 
values for the two butyric acids an indication that the mechanism of 
assimilation may depend on the structure of the molecule. Van Kiel 
(1941) made similar experiments with Spirillum ruhrum (another Athio- 
rhodacea). The individual values again scattered over a considerable 
range; for example, for acetate, in 48 single experiments, they varied 
from — 0.15 to + 0.28, but the averages, as given in table 5. VI, showed 
the expected regular increase from acetate through propionate to 
n-butyrate. 

A comparison of the observed values with the calculated ones in 
table 5.V shows a regular deficiency of carbon dioxide consumption. 
In the case of acetate, some carbon dioxide is liberated^ although the 
formula of acetic acid, C2H4O2, allows of a quantitative conversion into 
a carbohydrate (corresponding to Qp = 0). The average coassimila- 
tion of carbon dioxide with the higher fatty acids, amounts to only 
60% of the theoretical value. One possible explanation of this fact is 
that assimilation produces compounds which are more reduced than the 
carbohydrates. 

For compounds consisting only of C, 0 and H atoms (and not con- 
taining peroxide bonds), an appropriate measure of the reduction level 
is provided by the respiratory quotient, Qr (which is defined on page 32 
as the ratio ACO2/ — AO2) or, more conveniently, by its inverse value, 
the reduction level L, which is equal to the number of molecules of oxygen 
required for the complete combustion of a molecule, divided by the 
number of carbon atoms in it. It can be calculated by means of the 
equation 


( 5 . 13 ) 


1 _ 2nc 4- i — no 
Qe ~ 2nc 


where Uc, and no are the numbers of carbon, hydrogen and oxygen 
atoms in the molecule, respectively. (We shall see in chapter 9 how 
closely L determines the energy content of compounds of this type.) 

The value of L for carbohydrates is 1. A simple calculation shows 
that products obtained by the coassimilation of fatty acids and 60% of 
the quantity of carbon dioxide required for the formation of a carbo- 
hydrate, must have L values between 1.43 (n == 0) and 1.15 (n = 00)* 
Analyses of the dry matter of purple bacteria are in good agreement 
with this calculation. Van Niel (1936) found in Spirillum rubrum, 
Ehodomonas, Streptococcus varians and Chromatium (sulfur-free) an 
average of 55.7% C, 7.4% H, 15.1% 0 and 11.8% N. Assuming that 
all nitrogen is present in the form of amino groups, and substituting an 
equivalent quantity of hydroxyl groups for them, we arrive at a compo- 
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sition approximately represent by the formula CjHtOj, corresponding 
to a L value of 1.15. Gaffron (1933) isolated from the purple bacteria 
a substance which could be depolymerized to erotonic acid, C 4 H 8 OJ, 
L = 1.18, and considered it as a direct product of photosynthesis. 
However, the results obtained by Foster with isopropanol indicate that 
the true photosynthetic quotient of purple bacteria probably corresponds 
to the formation of carbohydrates, rather than to the production of any 
more completely reduced substances. If this is true, deviations from 
equations (5.11) and (5.12) in the assimilation of fatty acids are due 
to a direct assimilation of intermediates, whose reduction level is higher 
than that of the carbohydrates, rather than to the photosynthesis of 
“overreduced” substances. (Dismutations, which often occur in enzy- 
matic oxidation, can produce such high-energy intermediates even if the 
original oxidation substrate it^if is not overreduced.) 

This is not the only argument in favor of a partial heterotropiiic nutrition of purple 
bacteria. Another argument can be derived from the consitleration of the metabolism 
of these organisms in the dark. 

Barker (1936), Giesberger (1936), Clifton (1937), Clifton and lx>gati (1939), WiMler 
and Bamberger (1938) and Wlnzler (1940) sliowed that the oxidation of organic sub- 
strates by respiring bacteria often is coupled with thtur partkl jissimilation, e. g., in the 
case of acetate, according to one of the equations: 

(5.14a) + -> {CHaOj + HCOr or 

(5.14b) 2 OtEzOr + 3 Oz — — ^ {CHirO} + 2 HCO*- + Os + HsO 

In the case of the purple bacteria, the mechanism of respiration has a particuMy 
close bearing on that of photosynthe^s, beeau^ van Niel demonstmtetl that the first 
stages of both processes are probably brought about by the same enzymatic system. 
A few words may be said here about this peculiar relationship. 

) AU Thiorhodaceae (as well as some Aihiorhodacecie) are anaerobic^ i. c., their dark me- 
tabolism is of the nature of fermentation. This metabolism was studied by Gaffron (1934, 
1935), Roelefson (1935), French (1937^*®) and Nakamura (1937); but its chemistry has 
not yet been clarified, mainly because it is preponderantly ^^autofermentative” (although 
Nakamura obs^wed the dismutation of formate into hydrogen and carbon atiS by purple 
bactena). The relationship, if any, between this dark metabolism and tfia metabolism 
of the same bacteria in light, is as yet not clear. 

However, some Atkiorhodaceae are aerobic (or not strictly anaerobic), and their 
dark oxidative metabolism was found by van Niel to bear a remarkable relation to 
their photosynthesis. Respiration and photosynthesis, which are independent (al- 
though contra-acting), in green plants, appear to be competitive in aero!>ic Atkiorhodaceae, 

The investigations of Nakamura (1937^' ^ 1938^’^) with RhodolmdllnB palustris showed 
that the same substance which are readily used as substrates of photosynthesis, also 
are eagerly consumed as respiration substrate in the dark. Van Niel (1941) found 
that the uptake of different fatty acids by Spirillum rubrum occurs at the same rate in 
the dark and^ in light ^although only oxygen is consumed in the dark, while both oxygen 
and carbon dioxide are taken up in moderate light, and carbon dioxide alone is consumed 
m strong light. 

As mentioned on page 100, Nakamura interpreted the decrease in oxygen con- 
sunaption by purple bacteria in light as evidence of a photochemical production of 
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oxygen. However; we now see a more plausible ftplanation: If the rates of photo- 
synthesis and respiration are limited by the suj^iy of hydrogen through a common 
enzyme system, every increase in photosynthesis must lead to a decrease in respiration. 
The fact- that under no circumstance does the organism switch over from oxygen con- 
sumption to oxygen liberation, agrees well with this picture, whereas it would be diffi- 
cult to explain if photosynthesis and respiration were two independent processes, as in 
the higher plants. 

Each fatty acid is decomposed by purple bacteria at a different characteristic rate — 
the same in respiration and photosynthesis; and if a mixture of several acids is provided, 
their total decomposition rate is additive. This proves that a specific enzyme is available 
for each of the acids. 

We made this digression to the subject of the metabolism of purple 
bacteria in the dark because the parallelism of respiration and photo- 
synthesis provides an additional argument in favor of a partial direct 
assimilation of the reductant: Since such an assimilation is known to 
occur in the dark metabolism, it is also likely to occur in light. Thus, 
in addition to the direct assimilation of overreduced intermediates, which 
was suggested as an explanation of deviations from equations (5.11) and 
(5.12), a part of the carhohydrcdes ioxmQd in the photoassimilation of 
fatty acids, can also be due to a direct “heterotrophic^’ assimilation, 
and not to photosynthesis. Van Niel (1941) considered, for the case of 
acetate assimilation, the three possibilities (5.15), (5.16) and (5.17), to 
which we may add (5.18) and (5.19) for the sake of completeness: 

To To 

photoreductioii direct assimilation 

(5.15) H.CaOj + ZHjO ^[;8H + 200,3 

(5.16) H 4 C 2 O 2 + li H,0 s. [6 H + 1 | COO + i {CH,0! 

(5.17) H4C,0, + H,0 >|:4H + COs] +{CH,0} 

(5.18) H4C,0, + |H20 ^•C2H +100,3 + U {CH,0} 

(5.19) H 4 C 2 O, — . 2 {CH 20 } 

The first equation (5.15), represents pure photoreduction; the next 
three represent photoreduction coupled with an increasing proportion of 
direct carbohydrate assimilation ; and the last one, direct assimilation 
without photoreduction. 

B. Bacteeial Chemostnthesis * 

From the pigmented photosynthesizing bacteria, there is but one step 
to the nonpigmented “chemosynthesizing” bacteria, which often use the 
same oxidation substrates (e. g., sulfide, thiosulfate or hydrogen), but 
work with chemical energy instead of light energy. The discovery of 
these organisms by Vinogradsky was mentioned on page 100. Some of 
them can live m (and sometimes only in) purely inorganic media; their 
autotrophic mode of life is thus easy to prove. These organisms are 
* Bibliography, page 126. . 
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analogous to the colored sulfur bacteria. Other speeic.s require the 
presence of simple organic compounds, as methane, carbon monoxide, 
formate, or methanol. They, have thus the appearance of hetero- 
trophants. However, evidence speaks in favor of assigning to the 
organic substrates of these bacteria, the function of fuels rather than of 
nvirients. There seems to be an analogy between the colorless bacteria 
which use these substrates, and the purple bacteria which require organic 
hydrogen donors for the reduction of carbon dioxide, except that, in the 
case of the colorless bacteria, the organic substrate has to supply not 
only hydrogen but also chemical energy. As in the case of the purple 
Athiorhodaceae, conditions become complicated when colorless bacteria 
use comparatively complex organic substrates, instead of methane or 
similar compounds”; in this case, heterotrophic nutrition can be 
superimposed upon the chemosynthesis. 

1. Types of Chemautotrophic Bacteria 

The main representatives of this class are the nitrificrs, the (colorless) 
sulfur bacteria, the iron bacteria, the hydrogen (or “Knallgas”) bacteria, 
the carbon monoxide, methane and carbon bacteria. This list shows that 
some kind of chemautotrophic bacteria has become associated with prac- 
tically every oxidizable inorganic compound found on the surface of the 
earth-ammonia, hydrogen sulfide, sulfur, ferrou.s iron, methane and 
coal. Hydrogen and carbon monoxide are not found in natural habitats 
of the bacteria. These gases are facultative components of the metabo- 
lism of bacteria, whose mode of life under natural condition.s is hetero- 
trophic. Thiosulfate has occasionally been found in black mud, but 
most thiosulfate bacteria also can live on organic substrates (that is, 
they, too, are only facultative autotrophants). 

The following short description of the chemical activity of the chem- 
autotrophic bacteria is based mainly on the review by Stephenson (1939), 
although the thermochemical figures have been revised on the basis of 
compilations by Kharash, Bichowski and Rossini, and Roth (c/., bibli- 
ography to Chapter 3), and the over-all equations have been simplified 
by the consequent use of ionic formulations. All equations aie reduced 
to the consumption of one mole of oxygen, to facilitate comparison with 
the equation of carbon dioxide reduction, in which one mole of oxygen 
is produced for each gram atom of assimilated carbon. 

(a) The Nitrifiers (Vinogradsky 1890) 

- These include Nitrosomonas, which oxidizes ammonia to nitrate, and 
Nitrobader, which carries the oxidation from nitrite to nitrate: 

(5.20a) 02 + I (NH,)^,. > | (NOs)Si. -f- I HjO + -f + 49 koal 

(5.20b) O 2 + 2 (NOds,. , 2 (NOa)5,. + 48 kcal 
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(b) The Sulfur Buderia 

We include in this classification the autotrophic bacteria wMch 
utilize hydrogen sulfide, elementary sulfur, thiosulfate, and thiocyanate. 

• Hydrogen Sulfide Oxidizers, e. Beggiatoa (Vinogradsky 1887), 
transfQrm hydrogen sulfide into sulfur globules deposited inside the cell. 
When the sulfide is exhausted, the sulfur globules are consumed by 
further oxidation to sulfate: 

(5.21) 02 + 2(H2S)aq. — >2H20 + 2S + 126kcai 

(5.22) O 2 + I S -f I H 2 O — — > I (SOdiJ + I Hjq. 4- 98 kcal 

Sulfur Oxidizers Thiobacillus thiooxidans, Waksman and Joffe, 
1922).— These bacteria oxidize externally supplied sulfur to sulfate, in 
accordance with equation (5.22), and are characterized by extreine 
tolerance to acid. Their optimum pH lies between 3 and 4, and they 
survive even in 5% sulfuric acid. 

The metabolism of these organisms recently was investigated by 
Vogler and Umbreit. Vogler and Umbreit (1941) and Umbreit, Vogel 
and Vogler (1942) proved that sulfur is first dissolved in fat globules in 
the ends of the cell, and saw in this fact a proof that only oxidations 
which take place inside the cell can provide energy for ehemosynthesis. 
According to Vogler (1942), despite its exclusively inorganic nutrition, 
Thiobacillus possesses an organic metabolism based on storage materials 
formed by ehemosynthesis. f Vogler, LePage and Umbreit (1942) showed 
that the rate of sulfur oxidation is independent of pH (between 2 and 4.8), 
and of the oxygen pressure; it is inhibited by cyanide (50% inhibition 
at IQ-^ mole/L), dinitrophenol (50% inhibition at 1.3 X 10""® mole/L), 
azide, iodoacetate, arsenite, indole and phthalate. It is affected by 
urethane only at comparatively high concentrations (35% inhibition in 
0.1 molar solutions). It is 50% inhibited by carbon monoxide in a 
concentration of 80%, an inhibition which is removed by illumination. 
All these results indicate that sulfur oxidation proceeds through the 
intermediary of a heavy-metal enzymatic system (of the hemin type). 
Since enzymes of this type transfer only electrons, and not oxygen atoms, the 
oxygen in the S 04 ^"" ions formed by B, thiooxidans must originate in water 
and not in air, a consequence which could be checked by isotope tracers. 

The relation between sulfur oxidation and carbon dioxide reduction 
by 5. thiooxodans was studied by Vogler (1942^). Young cultures took 
up a limited quantity of carbon dioxide eyen in the absence of sulfur; in 
older cultures, this uptake was overbalanced by the carbon dioxide 
production by endogenous respiration. The sulfur-free carbon dioxide 
uptake could, however, be observed in all cultures, if respiration was 
suspended by depriving the cells of oxygen. The maximum total uptake, 
reached in about two hours^ was of the order of 0.4 ml. of carbon dioxide 
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per mg, bacterial nitrogen. This uptake seemed to be reversible and 
dependent on the concentration of carbon dioxide in the medium (c/. 
Chapter 8, page 201). Cells which have been allowed to ehemcMynthesize 
intensely, subsequently showed a greater capacity for carbon dioxide 
uptake in absence of sulfur or oxygen than “starved” cells. A .short 
period of “sulfur respiration” restored the capacity for carbon dioxide 
fixation in “carbon dioxide saturated” cells; while endogenous respira- 
tion had no such effect. 

The rate of oxygen consumption decreased in the presence of carbon 
dioxide, but the sum ACOj -|- AOa remained approximately constant. 
This is an obvious parallel to the relation between respiration and 
photosynthesis in purple bacteria, described on page 110. 

I The initial carbon dioxide uptake was unaffected by 0.01 mole per 
liter of sodium azide or arsenite (which completely inhibit the uptake of 
oxygen), but was completely inhibited by lO"^ mole per liter of iodo- 
acetate, which caused only 10% inhibition of the oxygen uptake. (Of 
course, inhibition of sulfur oxidation must cause a corresponding inhibi- 
tion of carbon dioxide absorption qffer the initial .saturation period.) A 
concentration of 0.006 mole per liter of sodium pyruvate inhibited both 
reactions completely, and similar effects were caused by lactic, fumaric 
and succinic acids, while citric acid had a weaker influence and malic 
acid none at all. 

Vogler and Umbreit (1942) inquired into the way in which sulfur 
oxidation can cause carbon dioxide fixation in a subsequent period of 
anaerobiosis. They found that during the oxidation period, inorganic 
pheephate is transferred from the medium into the cells, to be released 
agam during the period of carbon dioxide fixation. Seven tv to 80 
molecdes of oxygen are used up for oxidation while one molecule of 
phosphate is transferred into the cells; 40-50 molecules of carbon dioxide 
^ taken up concomitantly with the release of one phosphate molecule, 
i ma seems to indicate a AO 2 /ACO 2 ratio of about 1.5. Table 5 VII shows 
that this value corresponds to an almost 100% utfiization of the free 
energy of oxidation, if one assumes that all absorbed carbon dioxide is 
redu^ to ^rbohydrate. This proves that the question (which Vogler 
nd Umbreit considered as “open”) of whether the “delaved” carbon 

carbohydrate or not, must be answered 
for a reduction at all, but a carhoxylation 

absorption), analogous to that 
wbeh forms the first stage of photosynthesis (c/. Chapter 8). Remark- 

^av-Rli^^ob this 

the reversible enrb ^ perhaps a hundred times larger than 

^ the Pl«^t cells (if one excludes 

from the latter the rather mcidental alkali-acid buffer equffibrium). 
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, Vogler :and Umbreit considered' the phosphate transfer^ coupled, with 
sulfur oxidation and carbon dioxide fixation by J5. thiooMdanSf m a proof 
that the combustion energy of sulfur is stored in the cells in the form of 
phosphate bond energy. Of course, the observed transformation of one 
phosp|ate molecule per 40 or 50 molecules of carbon dioxide cannot pro- 
vide more than a small fraction of the energy required for chemosyathesis ; 
but Vogler and Umbreit considered it merely as an index of the inter- 
cellular formation of high-energy phosphoric acid esters on a much larger 
scale. 

If one refuses to consider the ‘‘delayed” carbon dioxide fixation by 
sulfur bacteria as a carbohydrate synthesis, the energy calculations based 
on this assumption lose their meaning. It is rather improbable that 
sufficient energy for true chemosynthesis can be stored in the form of 
“phosphate bond quanta” of 10 kcal per mole each (c/. Chapter 9, 
page 226). 

One may suggest that the phosphate transfer and phosphorylation 
have something to do with the primary reversible carbon dioxide fixation 
(in chemosynthesis as well as in photosynthesis), rather than with the 
reduction of carbon dioxide to carbohydrate (c/. Ruben's hypothesis, 
page 201). 

The investigations of Vogler and Umbreit show how much information, 
which may help in the understanding of the closely related phenonoLena 
of chemosynthesis and photosynthesis, can be expected from a quanti- 
tative study of the metabolism of autotrophic bacteria. 

Bacteria which oxidisse sulfur by means of nitrate^ instead of oxygen 
(Thiobacillus denitrificans) ^ were discovered by Beijerinck in 1904. Since 
0.8 mole of NOs"" ions, reduced to nitrogen, are equivalent to one mole 
of oxygen, we write the over-all equation as follows: 

(5.23) f + § S + A H 2 O > I (SOdii^. + A Haq. + f N 2 4- 86 kcal 

Thiosulfate Oxidizers. — Thiobacillus thioparus (Natansohn 1902) 
oxidizes thiosulfate with the deposition of sulfur outside the cell. 

Natansohn assumed an intermediate formation of tetrathionate inside the cell, and a 
subsequent external dismutation of tetrathionate into sulfur and sulfate; but Starkey 
(1935) found no evidence of tetrathionate formation, and gave the following formulation 
of the over-all reaction: 

(5.24) O 2 + I (S^Odaa. + i H 2 O ^ f (SOdSS: + S -f 125 kcal 

Waksman and^ a bacterium (Thiobacillus 

nweZZw) which oxidizes thiosulfate to sulfate without the production 
of sulfur: 


(5.25) O 2 + J lSiOdaq. +4 H 2 O 


■> (SOd^. + HJi. + 109 kcal 


116 


4hoto- 


AND CHBMOSTNTHESIS OP BACTERIA 


CHAP, s 


A third kind of thiosulfate-oxidizing bacteria uses nitrate instead of 
oxygen (Lieske 1912) : 

(5.26) i (NOa);,. + i (SaO,)£5: + A HjO - 


— > (804)^7. + I Na + 

■ i Ilitij. + 97 kca] 

Thiocyanate Oxidizers.— Happold and Key (1937) dl.-^covofed the 
Bacillus thiocyan-oxidans, which catalyzes the reaction : 

(5.27) 02 + HCNS)Sj, + Ha0- 


-> i {S 04 )S 7 . + i (NHdi,. + I C-Oa + 1 12 kcal 

(c) The Iron Bacteria (Vinogradsky 1888) 

These organisms precipitate ferric hydroxide from water.s containing 
ferrous salts, and are responsible for the red color of many natural 
waters. Their chemical activity can be represented by the equation: 

(5.28) Oa + 4 Pe+jt + 2 H»0 — . 4 PeS,^ + 4 (OH);^. + 37 kcal 

The gain in energy becomes larger if we include in the equation the 
precipitation of ferric hydroxide (cf. Lieske 1911, 1919): 

(5.29) O 2 + 4 FelJ. + 10 H 2 O - 


-4 4 Fe(OH), + 8 1!+,. + 63 kcal 


(d) The Hydrogen Bacteria 

Bacillus pantotrophus, discovered by Kaserer in 1906, and a number 
of similar microorganisms of the soil, are heterotrophants which are, 
however, capable of survival and growth in purely inorganic media, if 
hey are provided with molecular hydrogen, in addition to oxygen and 
mrbon dioxide. Their metabolism is based, under these conditions, on 
e energy of oxidation of hydrogen to water (“oxyhydrogmi reaction”); 
(6.30) 


02 + 2Hs- 


2. HsO + 137 kcal 


hence the name Knallgas bacteria” suggested by Ruhland (1924). 
Reaction (5.30) is coupled with the reduction of carbon dioxide to organic 
matter Md further complicated by the simultaneous respiration, i. e., 
autoxidation of cell material. (Some autotrophic bacteria, the NUro- 
somonas, for example, apparently dispense mth ordinary respiration 
altogether, their energy requirements being covered entirely by the 
oxidation of the morganic substrate.) 

Nabokich and Lebedev (1907), 
shown a particularly Niklevsky (1908, 1910) have 

hvdroven normally heterotrophic but potentially 

S oxvLn to r ’ f -T ™ instead 

ot oxygen, but not much is known about these reactions. Only one 

Sv It thoroughly investigated by Ruhland 
), and because these hydrogen bacteria appear to be the simplest 
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and most efficient carbon dioxide-assimilating biological systems known, 
a few words must be said here on his results. 

Badllus picnoiicus thrives best in inorganic media at pH 6.8 to 8.7; 
the decline in its activity in alkaline solutions seems to be caused by the 
precipitation of ferric hydroxide. (It requires a minimum concentration 
of ferrous iron > 10~® mole per 1.) It is poisoned by cyanide (5 X 10~® 
mole/1.) as well as by urethans (50% reduction in hydrogen consumption 
by 1.2 moles/1, methylurethan, 2 X 10~" ethylurethan, 1 X lO-^ propyl- 
urethan, 5 X 10"® isobutylurethan, and 1 X 10"® phenylurethan; com- 
pare table 12. VIII). 

While some hydrogen bacteria can use nitrate as oxidant (in absence 
of oxygen), no such substitution is possible with B. picnoiicus. Its rate 
of consumption of hydrogen is independent of the partial pressure of 
oxygen (1.5 to 72%) as well as hydrogen. It can operate in “electrolytic 
gas” (I H 2 -f- i O 2 ), and in nitrogen containing mere traces of oxygen 
and hydrogen (these traces being completely removed by the activity of 
the bacteria). The concentration of carbon dioxide is also without 






specific effect except by its indirect influence on acidity. 

The rate of hydrogen absorption increases rapidly with temperature 
(Qw = 3.5 between 20° and 32.5° C.). Since the combustion is coupled 
with the reduction of carbon dioxide, the net ratio AH 2 /AO 2 is larger 
than 2 (Table 5. VI), the excess hydrogen consumption reaching 40% 

Table 5. VI 


Gas Exchange of Bacillus Picnoticus (aftbe Ruhland) 


-AHs 

— AO2 

- ACOa 

AHs 

AO2 

ACO2 

AH 3 - 2 AO 2 

138 

53 

16.9 

2.6 

0.53 

112 

45 

10.4 

2.5 

0.48 

90 

39 

6.2 

2.3 

0.56 

88 

41 

3.0 

2.1 

0.53 

91 

41 

5.3 

2.2 

0.53 

103 

39 

13.1 

^ 2.6 

0.53 

''' 29.5 

10.6 

4.3 

2.8 

0.53 

. 85 ' , 

31 

10.9 

2.8 

'■■■•" 0.45 ■ , 

113 

41 

17.0 

2.8 

0.53 

.'■95 

' 34 ' 

13.9 

2.8 

0.53 ' 

225 

■' 81 

33 

2.8 

0.53 


Average : 2.56 0.52 


under the most favorable conditions. The consumption of carbon 
dioxide, — ACO 2 , is in exact stoichiometric relationship with the excess 
consumption of hydrogen, - (AHj — 2A02). This “photosynthetio 
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quotient” is equal to 0.5, indicating the formation of a carbohydrate as 
the first product of chemosynthesis. 

Some heterotrophic bacteria (e. g., Acet-obactcr pcrozidans, cf. Wieland 
and Pistor 1936, 1938) also catalyze the “oxyhydrogcn” reaction (5.30) 
but apparently without profiting from its energy for organic synthesis. 

(e} The Carbon Bacteria 

The Carbon Monoxide Oxidizers (Bacillus oligocarhopkilm) (Beijer- 
inck and van Delden 1903). 

The reaction which these bacteria catalyze is: 

(5.32) Os -f 2 CO — ^ — »2COs+ 136kcal 

which produces no less energy than does the oxidation of hydrogen. 

Methane Oxidizers, — (BaciUus mek^nicus)^ (Soimgeii 1906^ Miinjs 

1915). Although methane is usually considered an organic” carbon 
compound, we inlcude the methane-burning bacteria in the list of chemo- 
autotrophic organisms because there is no doubt that methane serves 
exclusively as a source of energy and as a hydrogen donor, and not as an 
organic nutrient. 

The combustion of methane liberates less energy than that of 
hydrogen: 

(5.32) O 2 + i CH 4 — ► J CDs “h HgO 4- 106 kcal 

but considerably more than the oxidation of ammonia or ferrous iron. 

The Benzene and Toluene Oxidizers. — These bacteria^ discovered by 
Tausson (1929), seem to be similar to Sohngenis methane bacteria in 
that they too use the energy of oxidation of a hydrocarbon for the 
synthesis of organic matter from carbon dioxide. 

Carbon Oxidizers. We mention lastly the carbon bacteria of Potter 
(1908) which can live autotrophically by oxidizing solid carbon to carbon 
dioxide: 

. C 4 - O 2 > CO 2 + 94 kcai 

i M / ri I h ^ 

’ 1 1 ^ ^ ' 2 . Efficiency of ChemautotropMc Bacteria 

I The efficiency of the autotrophic bacteria can be expressed in three 
dffierent ways: by the moleaidar ratio (AO 2 consumed by oxidation 
I divided by ACO 2 reduced to organic matter; the latter quantity being 
determined either directly, or from the amount of synthesized organic 
; material) ; by the ratio of energies accumulated in synthesis divided 
y AJJo; liberated by oxidation); and by the corresponding ratio of the 
free energies AF^ accumulated to AFq dissipated). Only the first 
ratio is derived directly from experiments* The calculation of the last 
two IS based on the fiction that all of the oxidation substrate is completely 
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oxidized by oxygen, while carbon dioxide is rednced mdependently by 
water (of. page 235). The eflS.ciency has been determined for several 
species, and the results have been discussed, among others, by Baas- 
Becking and Parks (1927), Burk (1931), and Stern (1933). Many 
measurements have not been very reliable, so that most of the figures 
collected in table 5. VII should be considered as preliminary. 


Table 5.VII 

Efficiency of Autotbophig Bactebia 


Type 

■ Species ' 

ne- 

action 

AOs 

ACOs 

AHr 

AHo 

AFh ® 
AFo 

Observer 





(%) 

(%) 


Niteifibes 

NitroBOTTwnaa 

(5.20a) 

47 

6.4 

5.96 

Vinogradsky (1890) 
Vinogradsky (1890) 


Nitrobacier 

(5.20b) 

66 

4.0 





46 

8.5 

7.4« 

Meyerhof (1916, 1917) 

SULFUE 

Thiobacillus 

(5.22) 

18 

6.5 

7.9 

Waksman, Starkey (1922) 

BACTBSIA 

Oiiooxidans 


(78)^ 

(96)^* 

Vogler, Umbreit (1942) 


Thiohacillvc 

(5.23) 

43 

6 

6 

Beijerinek (1920) 


denitrificana 

Thiobacillus 

19 

4.8 

6.5 

Starkey (1936) 

(5.24) 


ihioparus 

TMobacillics 

21 

4.9 ^ 

6.5 ! 

(6.25) 

Starkey (1936) 


mvellus 

Thiobacillus 

9 

--13 

^13* 

(5.26) 

Lieske (1912) 


dmitrificans \ 




Hydeogbn 

Bacillus 

(5.31) 

2.5 1 

32 

42/ 

Euhland (1924) 

BACTEBIA 

picnoitcus 

4 . ! 

20 

26/ 

Methane 

Bacillus 

(5.32) 

(3.5~4.5)« 

(22-29)0 

(26-34)0 

SShngen (1906) 

BACTEEIA 

methanicus 

-<20 

\ 

\ 

1 

^6 ■ 1 



« AP of {CH 2 O) synthesis, for 2 j(C 02) ~ 3 X 10“* atm. and pCOa) ~ 0.2 atm., is 118 kcal (c/. Table. 
8.V). 

Calculated for =5 X lO""* moIe/1. and [mj « 10"*' mole/I. 

c Calculated for [NOa’"] —3 X 10 mole/I. 

We put these values in parentheses because we believe (c/^age 226) that they apply to primary 
carbon dioxide fixation rather than to carbon dioxide reduction. The same may be true of the low ratios 
AOj/ACOs observed by Sohngeii for methane bacteria. 

«BaaS'Becking and Parks calculated 11%. They thought that Lieske’s yields refer to 1 g. NaaSjO# 
instead of 1 g. Na^sOs '5 HsO, 

f 42% is maximum, and 26% the average. 

0 The larger values were calculated by Baas-Becking and Parks from the gasometric data of SShngen, 
while the smaller were obtained from the permanganate titration of organic matter. 0/, footnote ^ above. 

For the majority of organisms in table 5. VII, the energy yields^’ 
are of the order of 5-6%, and the ^Tree energy yields of the order of 
6-8%. The difference is due to the fact that the free energies of oxi- 
dations leading to the formation of electrolytes often are considerably less 
negative than the corresponding total energies. 

Although low, the efficiencies in table 5. VII are similar to The best 
efficiencies of the utilization of light energy by green plants under natural 
conditions. Thus, if chemautotrophic organisms did not succeed in 
spreading over the whole surface of the earth, as did the green plants, 
it was not for lack of efficiency, but merely because chemical energy is 
available only in a few nonequilibrated spots — sulfur springs, coal mines, 
iron carbonate waters, marsh gases, etc., while sunlight flows abundantly 
everywhere. 
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Hydrogen bacteria occupy a unique position in tabk; 5. VII because 
of tbeir Tiigb efficiency. (The high values given for methane bacteria are 
unreliable, because the gas balance do(» not agree with any reasonable 
equation, and the amount of organic matter, as determined by the 
permanganate method, indicates a much smaller yield. The value given 
for the delayed chemosynthesis of T. thiooxydam also is of <ioubtfuI 
meaning, as discussed on page 114.) The figures for B. picmticus are 
the most reliable of all, having been derived from a series of complete 
gas analyses by Ruhland (Table 5. VI). The values f«ir the ratio, 
AH 2 /AO 2 , found in these experiments, varied between 2.1 and 2.8 de- 
pending on the state of the culture. If one neglects the oxygen con- 
sumption by respiration (a correction for this process would raise the 
efficiency still higher) a ratio of 2.8 means that for every two hydrogen 
molecules burned to water, 0.8 molecules of hydrogen are used for the 
reduction of carbon dioxide. This corresponds to the reduction of 
0.4 molecules of carbon dioxide, and leads to the maximum ratio, 
AO 2 /ACO 2 = 2.5, given in table 5. VII, corresponding to the utilization 
of S2% of available energy and 42% of available free energy. Even if 
one uses the average value of AH 2 /AO 2 in table 5. VI (~ 2.5), one calcu- 
lates that only four oxygen molecules arc required for the reduction of 
one molecule of carbon dioxide, and obtains an energy utilization of 20%, 
and a free energy utilization of 26%. Gaffron found (c/. page 140), for 
hydrogen-adapted green algae, a maximum ratio of Airs/A02 = 3, and 
considered this value as the theoretical maximum, probably valid also 
for the hydrogen bacteria. 

Burk's (1931) calculation which gave a 100% efficiency for the chemosynthesis of 
hydrogen bacteria, was based on the assumption that the average ratio (0.52) in the last 
column of table 6.VI represents, not a confirmation of the theoretical stoichiometric 
value (0.5) — c/. equation (5.6) — ^but the quantity of hydrogen actually combusted to 
water to provide energy for the reduction of one mole carbon dioxide by one mole of 
water (as if all the rest of hydrogen oxidized by the bacteria had nothing to do with 
the reduction process!). With this assumption, the result of Burk’s calculation became 

a simple consequence of the fact that the free energy of the reaction, 2 IB -f CO 2 > 

{CHaOj -|- HsO, is approximately zero. We can see no relation between his elaborate 
calculations and the problem of the true thermodynamic efficiency of the hydrogen 
bacteria. (This was noted also by van Niel, 1943.) 

: ■ ; : Ki'4' 

3. Methane-Producing Bacteria and other Cases of Carbon Dioxide 
Absorption by Heterotrophants 

We have described the methane-oxidizing bacteria together with other 
chemautotrophic species, because their use of methane is similar to the 
use of hydrogen sulfide, sulfur, thiosulfate, or ammonia by “true” 
autotrophic bacteria. Many other allegedly “heterotrophic” bacteria 
can live on one chemically pure organic substrate, and it is quite possible 
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that they, too, use it mainly or exclusively as a source of hydrogen md 
energy, but prepare their cell matter by the reduction of carbon dioxide. 
However, the metabolism of most of these bacteria is not sufficiently 
known to allow one to assert that they do not use at least a part of the 
organic substrate for direct heterotrophic assimilation— especially since 
we know, from the example of the purple Athiorhodaceae, tYiOot synthesis 
of carbohydrates by the reduction of carbon dioxide can often be coupled 
with heterotrophic assimilation of one' part of the reductant. 

Only one type of bacteria which uses organic substrates for the 
reduction of carbon dioxide shall be described here, the metham-producmg 
bacteria, which' were discovered in 1910 by Sohngen (who had previously 
discovered the methaned}mmng hmtensb). Methane is produced by the 
fermentation ' of many organic substrates; these processes have been 
investigated, c. p., by Neave and Buswell (1930), Fischer, Lieske and, 
Winzer (1931, 1932), Stephenson and Stickland (1933), Barker (1936^'^, 
1937), and Barker, Ruben and Kamen (1940).' One thinks, at first, 
that methane must be the product of dismutation of an organic substrate, 
as, for example, in the simplest case of the acetate fermentation: 

(5.34) ^ ' DHsCOQH — CH 4 + COs - 6 kcal 

(Decarboxylation can be considered as a special case of dismutation in 
which one part of the molecule is oxidized to carbon dioxide.) However, 
Sohngen noticed that the same bacteria which cause methane fermenta- 
tion of organic substrates, also reduce carbon dioxide to methane in the 
presence of molecular hydrogen: 

(5.35) CO 2 + 4 H 2 — > CH 4 + 2 H 2 O + 62' kcal ; 

More recently, Barker (1936^) found a. species of methane bacteria which 
reduces carbon dioxide to methane by means, of 

(5.36) CO 2 + 2 CsHeOH — — » CH 4 + 2 CH 3 COOH + 21 kcal 

, These examples make it probable that even in methane fermentations 
which proceed with a net liberation of carbon dioxide, as in (5.34), the 
way to methane leads through carbon dioxide. Arguments in favor of 
this hypothesis were adduced by Barker (1936, 1937). He found, for 
example, that in the gradual decomposition of ^utanol by methane 
bacteria, the first stage conforms to the equation: 

(5.37) 2 C 4 H 9 OH + CO 2 — • — » 2 G 3 H 7 COOH 4- CH 4 + 21 kcal 
and the second stage to the equation: 

(5.38) 2 C 3 H 7 COOH 4 GO 2 4 " 2 H 2 O-- : — — > 4 CH 3 COOH 4 CH 4 4 9 kcal 

while, in the third stage, four molecules of carbon dioxide are liberated, 
according to the over-all equation (5.34), thus giving a ne^ production 
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of one molecule of carbon dioxide for each fermented molecule of butanol: 

(5.39) C^HsOH + HiO * 3 CHi + COt + 7 kcal 

It seems plausible to assume, in analogy to steps (5.37) and (5.38), 
that the last step in butanol fermentation, the decomposition of acetic 
acid, also involves the participation of carbon dioxide, t. e.. proceeds not 
according to the “abbreviated’' equation (5.34), but by a true oxidation- 
reduction: * 

(6.40) CH,COOH + COj -+ 2 COj + CH, - 6 kcal | 

A direct proof of the participation of free carbon dioxide m the for- 1 
mation of methane in reactions which proceed with the net liberation of | 

carbon dioxide was achieved by means of radioactive carbon, C*. f 

Barker, Ruben and Kamen (1940) showed that the methane fermentation | 
of inactive ethanol by Methanosarcina meihanica, in the presence of 
radioactive carbon dioxide, gives active methane, thus establishing the 
correctness of the equation: 

(5.41) 4 CHsOH + 3 C*Oj > 3 C*H, + 2 HsO + 4 CO, + 51 kcal 

and precluding the “cancelling out” of three carbon dioxide molecules 
on each side of this equation. A similar interpretation of acetate 
fermentation, assumed in (5.40), thus becomes increasingly plausible. 

At first sight, the reduction of carbon dioxide to methane by the 
methane bacteria appears as a biochemical “art for art’s sake,” since the 
product escapes as a gas, carrying with it the accumulated energy. 
However, Barker, Ruben and K^en noticed that about 10% of radio- 
activity supplied in the form of 0*0* is found aftenr'ard.s in the cell 
; material. This shows that, while a large part of reduced carbon dioxide 
is wasted, a small proportion is utilized for the synthesis of the cell 
material. This reminds one of the autotrophic bacteria which dissipate 
most of the available oxidation energy, in order to reduce a small quantity 
of carbon dioxide to carbohydrate. It seems possible that the methane 
bacteria have solved a similar problem in a different way (the usual 
solution being precluded by their anaerobic mode of life). Deprived of 
oxygen, they cannot derive energy from the autoxidation of the available 
substrate. Their solution is to use carbon dioxide as an oxidant. We 
know that none of the available oxidation substrates — not acetate, or 
methanol, or even hydrogen — has sufficient reducing power to bring 
about the stoichiometric reduction of carbon dioxide to carbohydrate. ^ 
However, the reduction of carbon dioxide to methane requires less energy 
per transferred hydrogen atom than the “halfway” reduction to carbo- « 
hydrate. I This is why the reactions (5.35) — (5.41) are exothermal — j 

; with the exception of reaction (5.40), which, however, has a positive free 

energy of about 10 kcal. 
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The fact that the methane bacteria are capable of reducing carbon 
dioxide to methane, shows that they have developed a mechanism which 
avoids the intermediate formation of a carbohydrate (because the latter 
would present an ^^energy barrier’^ which is insurmountable at ordinary 
temperatures). Under these conditions, it seesms possible that the 
large-scale, exothermal reduction of carbon dioxide to methane may be 
used by the methane-liberating bacteria to the same purpose as the 
large-scale, exothermal oxidation of autoxidizable substrates is used by 
the autotrophic bacteria, namely, to provide energy for the reduction of 
a relatively small proportion of carbon dioxide to a carbohydrate. 

In tiie same class with the methane-producing bacteria may perhaps be placed the 
species of Clostridium, which reduce carbon dioxide to acetic acid by means of hydrogen. 
(Wieringa 1936): 

(5.42) 2 Ha + 2 COa 2 HaO -f CHaCOOH + 68 kcal 

or by means of various purines (Clostridium addi uridf Barker, Ruben and Beck 1940) . 

We shall not continue with the enumeration of bacterial and other 
biological systems which have been found capable of absorbing carbon 
dioxide and incorporating it into organic matter. Although some of 
them probably carry out a ^^chemosynthetic’^ reduction of carbon 
dioxide, similar to that achieved by the microorganisms described above, 
the most important examples worked out so far appear to belong to a 
different type, that of enzymatic carboxylations. It is customary to 
speak of reduction of carbon dioxide whenever this compound is bound 
in an organic molecule. However, it is advisable to distinguish clearly 
between true reduction of carbon dioxide and carboxylation, carbamination 
and similar additive^' reactions of carbon dioxide with organic molecules. 
Whether carboxylations should be called reductions at all, is a matter of 
definition. In chapter 8 arguments will be presented in favor of not 
using this designation. This convention would prevent misunder- 
standings which have led to the use of expressions like /^dark assimila- 
tion,^’ or even ^Mark photosynthesis” for processes in which carbon 
dioxide was merely added to existing organic compounds, Carboxylation 
is important from the point of view of photosynthesis, not as an analogy 
to the main photosynthetic process, but as a possible way of entry of 
carbon dioxide into the photosynthetic apparatus. It will therefore be 
considered in detail in chapter 8, which deals with the immediate fate 
of carbon dioxide in photosynthesis. 

C. The Role of Autotrophic Bacteria in Nature 

Bacterial metabolism is of great importance for the elucidation of the 
chemical mechanism of photosynthesis. It indicates that photosynthesis 
consists of two distinct stages, the reduction of carbon dioxide, and the 
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oxidation of water, and that the meond stage can, be changed and other 
reductants substituted for water without affecting t.lM3 first one, Chemo- 
synthesis by autotrophic bacteria makes it plausible that the reduction 
of carbon dioxide is a nonphotochemiea! process, which can be brought 
about by the intermediates of the photochemical oxidation o! water (or 
other reductants), as well as by products of exothermal chemical reactions. 

These problems will be discussed more extensively in chapters 7 
and 9. 

Another interesting question which arises from the study of the 
photosynthesis and cbemosynthesis of autotrophic bacteria, concerns tlie 
role which these processes may have played in the development of life 
on earth. Prior to van NieFs interpretation of the mechanism of bacterial 
photosynthesis, the synthesis of organic matter by green plants appeared 
as a unique process, unrelated to mil other biochemical reactions in living 
organisms. Van NieFs investigations have established the long-missing 
link between the world of green plants and that of the lower micro- 
organisms. 

Green plants reduce carbon dioxide in light by means of water; 
green and purple sulfur bacteria reduce carbon dioxide, also in light, 
by means of hydrogen sulfide; colorless sulfur bacderia reduce carbon 
dioxide, by means of hydrogen sulfide, without ligtit. This comparison 
shows the existence of a hierarchy of autotrophic organisms, and en- 
courages speculations as to the genetic relationships between them. 

In considering the present state of life on earth, one is struck l>y the 
paradox life without chlorophyll— no chlorophyll withotit life.^' The 
large-scale formation of organic matter from inorganic materials has as 
its prerequisite the existence of complex organic molecules, such as 
chlorophyll and various enzymes, without which photosynthesis appears 
impossible, but which themselves cannot be synthesized in nature outside 
the living cell. ^ 

Obviously, photosynthesis could not have started on earth without 
the previous existence of living matter. The existence of chemauto- 
trophic and photautotrophic bacteria shows a possible de^’■elopnleBt. 
It was mentioned on page 82 that the first organic molecules nia}'' have 
arisen on earth by photochemical reactions of inorganic compounds in 
ultraviolet light, or by the action of electric discharges in the atmosphere. 
Which of these molecules first acquired tlie capacity of |)ropagation 
by self-duplication, which is the first sign of life, we cannot surmise; but 
we can imagine a continuous ^^chemosynthetic^^ development leading 
from this molecule to autotrophic bacteria. At that time, the earth was 
less settled in its chemical ways than now, and not only hydrogen sulfide, 
but also free hydrogen might have been available in the atmosphere. 
From colorless autotrophic bacteria, the development might have 
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progressed to purple bacteria, and hence to green plants* The transition 
from bacteria to algae, which liberated the plants from the dependence 
on uncertain and dwindling supplies of unstable hydrogen donors, has 
allowed life to spread over the whole surface of the globe. The capacity 
of certain green algae for adaptation to hydrogen (c/. Chapter 6) may 
be a reminiscence of their genetic relationship to photoreducing bacteria. 
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^-Chapter 6 

V/' 

THE METABOLISM OF ANAEEOBICALLY ADAPTED ALGAE* 

1. The Adaptation of Algae to Hydrogen and Hydrogen Sulfide 

In the preceding chapter, we found that the photosynthesis of bacteria 
is strikingly adaptable. The photosynthesis of green plants, on the other 
hand, has long been considered as a rigid process, which can be accelerated 
or retarded by external influence, but whose chemical mechanism is 
unalterable. This is, however, not universally true. Nakamura (1937, 
1938) found that certain diatoms iPmnularia) .and blue-gi-cen algae 
(Oscillatoria) can use hydrogen sulfide for the reduction of carbon dioxide 
— ^in other words, can adopt a metabolism similar to that of the purple 
sulfur bacteria. Ordinarily, the photosynthe.His of green plants is 
inhibited by hydrogen sulfide (c/. page 315); but Nakamura’s algae 
consumed carbon dioxide even in presence of this gas. The evolution of 
oxygen, however, was replaced by the deposition of sulfur globules in 
the cells. 

This interesting phenomenon certainly de,scrve.s more than the cursory 
attention it has received in Nakamura’s work. Much more detailed has 
been the study which Gaffron devoted to certain unicellular green algae 
which, after a period of anaerobic incubation, become able to utilize 
molecular hydrogen or organic hydrogen donors as reductants in photo- 
; synthesis, that is, adopt a metabolism reminiscent of the autotrophic or 
heterotrophic Athiorhodaceae. 

The adaptation of green algae to molecular hydrogen was discovered 
by Gaffron in 1939, and investigated in a series of important papers 
(Gaffron 1939, 1940'’*; 1942'’*; Gaffron and Rubin 1942, revicw'.s Franck 
and Gaffron 1941, Gaffron 1943). In studying “induction cfi'ect.s” in 
plants after anaerobiosis in the dark, Gaffron found that .some unicellular 
green algae {Scenedesmus, for example) do not react to this “anaerobic 
incubation” by a temporary inhibition of gas exchange in light, as do 
the higher plants, but by a more-lively-than-usual liberation of gas. 
This “inverse induction” was later found to be caused by a liberation of 
hydrogen, in addition to (or instead of) the usual exchange of carbon 
dioxide and oxygen. 

* Bibliography, page 148. 
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In studying this phenomenon Gaff ron (1939, 1940) found that algae 
which were capable of liberating hydrogen^ were also able to absorb it, if 
placed in an atmosphere containing a high proportion of this gas. 
Hydrogen evolution and consumption can be observed even in darkness; 
but both processes are accelerated by light. The hydrogen exchange 
continues, gradually decreasing, until the available cellular “hydrogen 
acceptors are entirely saturated with hydrogen, or until the available 
“hydrogen donors are exhausted. In presence of an added hydrogen 
acceptor, the absorption of hydrogen can continue for a much longer 
time, and the same is true of hydrogen liberation in presence of an 
added donor. 

Appropriate hydrogen acceptors are oxygen (in small quantities, 
since larger quantities of this gas cause de-adaptation), and 
dioxide; while glucose and other organic substrates can act as hydrogen 
donors. Thus, hydrogen-adapted algae are capable of bringing about 
the following reactions: 

In the Dark: (I) and (II). — Absorption of hydrogen from an atmosphere containing 
a high proportion of this gas, and evolution of hydrogen into an atmosphere of pure 

nitrogen (so-called “hydrogen fermentation 

(III) . — Simultaneous absorption of hydrogen and oxygen (so-called “oxy hydrogen’^ 
or “Knallgas” reaction). 

(IV) . — Reduction of carbon dioajfde coupled with the oxyhydrogen reaction (III), 
a process analogous to the metabolism of autotrophic hydrogen bacteria (page 116). 

In Light: (V) and (VI). — Enhanced hydrogen absorption in an atmosphere of hydro- 
gen, and enhanced hydrogen evolution in an atmosphere of nitrogen. The first-named 
process may, however, be identical with reaction (VII), i. e. it may represent the 
photoreduction of carbon dioxide produced by acid fermentation, rather than the 
hydrogenation of an organic hydrogen acceptor. 

(VII) and (VIII). — Photosynthesis from carbon dioxide and hydrogen or from carbon 
dioxide and organic hydrogen donors — processes reminiscent of the metabolism of auto- 
trophic and heterotrophic purple bacteria respectively. Gaffron designated these 
reactions as “ photoreductions/ ^ and although this term is not very specific, it may be 
used as a short substitute for “photoreduction of carbon dioxide by reductants other 
than water, while the term “photosynthesis” is retained to mean “photoreduction of 
carbon dioxide by water.” (To be consistent, one should use the term “photoreduction ” 
also when speaking of the metabolism of purple bacteria, a terminology which was 
not rigidly adhered to in chapter V.) 

2. The Mechanism of Hydrogen Adaptation and De-adaptation 

Before discussing the metabolic reactions of hydrogen-adapted algae, 
we shall deal with the processes of adaptation and de-adaptation (the 
latter called “reversion^’ by Gaffron). 

Not all unicellular green algae can be adapted to hydrogen. Experi- 
ments with CMoreZZa, as well as with diatoms (two strains of MtescAia) 
and blue-green algae (Oscillatoria), gave no positive results. No generic 
relationships are apparent: Scenedesmusy Ankistrodesmus and Raphidium 
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(three genera which have been succ^sfully adapted) are no more closely 
related between themselves than they are to Chlorella. 

Adaptation requires at least two hours of anaerobic incubation at 
20° C., less at higher temperatures. At 35°, the hydrogen metabolism 
of ScenedesmiLS starts almost immediately upon the removal of oxygen; 
however, this temperature rapidly causes an irreversible injury to the 
algae. During the adaptation period, the algae ferment, as all green 
plants do when the oxygen pressure is below that corresponding to the 
Pasteur effect (c/. G6n4vois 1927), producing carbon dioxide and non- 
volatile acids; the rate of this “acid fermentation” is about the same in 
hydrogen and in nitrogen. When fermentation has proceeded for a 
certain time, Scenedemm and similar algae become capable of picking 
up hydrogen and this rapidly completes their adaptation. 

Gaffron suggested that an enzyme, which is usually present in the 
chloroplasts in an inactive, oxidized form (we may designate it by EhO) 
is reduced by a fermentation product HsF: 

(6.1) EhO + H,F >Eh + F + H,0 

and by this acquires the properties of a hydrogmase, i. c., of a reversible 
acceptor for molecular hydrogen: 

(6.2) • EH + H,w===iH,EH 

capable of transmitting this hydrt%en to other substrates: 

(6.3) HjEh-I-R— >H^ + Eh 

The effect of a hydrogenase on photosynthesis can be understood if 
one assumes that the role of the oxidant R in (6.3) can be played by the 
oxidation intermediates of photosynthesis, whose conversion into free 
. .^gen is thus effectively blocked (c/- Scheme 6.1, page 130). 

If we use the most general formulation of the primary photochemical 
process (Eq. 7.10a) and designate the primary oxidation product as Z, 
we may postulate that in hydrogen-adapted algae, reaction (6.4) : 

(6-4) 2 Z + HjEh ^ 2 HZ + Eh 

. ^es the place of reaction (7.10b) and photosynthesis is thus converted 
into “photoreduction.” 

' To explain the long “incubation period” and the rapid completion 
of adaptation after the absorption of hydrogen has finally set in, Gaffron 
suggested ‘that the activation of the hydrogenase is accelerated auto- 
catalj^iically by the reaction: 

; HsEh + EhO >2EH-f-H!0 

which is the reverse of a dismiitation, and may perhaps be designated as a 
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^^coHimutation/^ As soon as some reduced and hydrogenated enzyme,: 
H 2 EHJ has been formed, reaction (6.5) allows the organism to dispense- 
with the slow incubation reaction (6.1). 

Enzymes capable of introducing molecular hydrogen into celular 
metabolism have been discovered by Stephenson and Stickland (1931) 
in certain colorless bacteria (as B. coli) and later found by Eoelefson 
(1934), Gaffron (1935) and Nakamura (1937, 1938) in the nonsulfur 
purple bacteria Rhodovibrio^ Rhodobadllm palustris and Rhodospinllum 
gigmteum, and in the sulfur bacteria Thiooystis and Chrorimtium minutis- 
simum. In each case, a variety of organic and inorganic substrates 
(methylene blue, fumarate, nitrate, oxygen, etc.) were found to be 
suitable as hydrogen acceptors. Their assortment is different for 
different organisms, so that one can conceive of the existence of a number 
of different, acceptor-specific hydrogenases. However, Yamagata and 
Nakamura (1938) concluded, from comparative cyanide inhibition 
experiments with B, coli formicum, Rhodobadllus palustris and B. del- 
bruckii, that the hydrogenase in all these organisms is the same, and that 
it donates hydrogen to a common intermediate acceptor, after which 
specific oxidoredmtases {or an oxidase) transfer it to different final 
acceptors. 

We may assume that the same hydrogenase and the same intermediate 
acceptor are present also in anaerobically incubated algae. 

We designate the primary hydrogen acceptor by Ah, and split equation 
(6.3) into the two equations (6.6a) and (6,6b); and equation (6.4) — ^into 
the two equations (6.6a) and (6.6c) : 


(6.6a) 

H 2 EH + Ah ^ 

H 2 AH 4” Fh 

(8.6b) 

H 2 AH 4- F- 

— > H 2 II 4~ A H 

(6.6b0 

HsR' + Ah — 

— ^HsAh + R' 

(6.6c) 

B[2Ah 4* 2Z — “ 

- — j^2HZ 4 - Ah 


MliM 

I "r ' 


Eeaction (6.6a) must be reversible (since adapted algae can either 
absorb or liberate hydrogen). As for reaction (6.6b), its direction may 
depend not only on concentrations, but also on the specific nature of the 
metabolites E present in the cell (as expressed by the alternative equation 

6.6b0. 

De-adaptation occurs, in presence of carbon dioxide, if the intensity 
of illumination is raised beyond a certain threshold' ' The further this 
threshold is exceeded, the more rapid is the return to normal photosyn- 
thesis (c/. Fig. 14, p. 145) . The photochemical de-adaptation is irrevers- , 
ible, i. e.j hydrogen absorption is not resumed upon return to low light 
intensity (Fig. 8). However, the adapted state can be restored much 
more rapidly immediately after de-adaptation than ^after^af prolonged 
period of aerobic photosynthesis, probably because the autocatalytic 
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mechanism (6.5) provides for rapid re-adaptation whenever small 
amounts of the hydrogenated enzyme still are present. 

De-adaptation can be enforced also in the dark, by means of oxygen. 
While 0.5% oxygen (constantly renewed to prevent exhaustion by 
respiration) is sufficient to premd adaptation, the tolerance for oxygen 
may rise, after adaptation, to 1 or 2%. This is due to the capacity of 
the adapted cells for the oxyhydrogen reaction (III); only wlien the rate 
of oxygen fixation by the cells becomes higher than the maximum 
possible rate of this reaction, does de-activation become inevitable. 



Fig. 8. — The ^*de-adaptation’'’ of aiiaeroliically adaptail 
Scenedesrmis by light increase from 5CK) to f)(X)0 lux Is not 
reversed by return to 500 lux (after Gaffron lO^G). 


If the reduction of an enzyme is the basis of adaptation, its reoxidation 
must be the basis of de-adaptation. This oxidation may be attributed 
either to free oxygen, or to cellular oxidatds, formed as intermediates 
either in the photochemical reduction of carbon dioxide (in the case of 
photochemical de-adaptation), or in the oxyhydrogen reaction (in the 
case of dark de-adaptation). 

If one assumes that photochemical and dark de-adaptation are both 
caused by free oxygen, one cannot help noticing the difference between 
the partial pressure of oxygen at the moment of 'photochemical dc-adapta- 
tion (which is exceedingly low) and the comparatively high pressure 
required for de-adaptation in the dark. To explain this difference, one 
could suggest that when oxygen is produced photochemically within the 
cell, a high internal pressure has to be built up before any gas can escape 
into the atmosphere; so that chemical and photochemical de-adaptation 
could correspond to the internal oxygen tension in the chloroplasts. 
Gaffron argued, however, that experiments with the oxygen electrode 
(c/. Volume II, Chaptel 33), as well as observations with luminous bac- 
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teria and fluorescent dyestuffs prove that oxygen appears in the sur-, 
rounding mediuna within 0.01 second after the beginning of photo- 
synthesis, and that therefore the internal oxygen tension cannot be 
markedly different from its external pressure. 

If this is so, then 'photochemical de-adaptation, at least, must be 
attributed to an intermediate of photosynthesis, and not to free oxygen. 
We shall designate this oxygen precursor’^ as {O 2 !, with the braces 
indicating an “acceptor’V or ‘^carrier” molecule. The oxidant {O 2 } 
is not likely to be the direct product of the primary photochemical 
process. This is indicated by inhibition experiments (Chapter 12), 
and by the observation of Rieke and Gaffron (1943) that the de-adapta- 
tion in flashing light occurs at the same average intensity of illumination 
as does the de-adaptation in continuous light. We therefore assume, 
with Gaffron, that (at least) two successive enzymatic reactions are 
required for the conversion of the primary photochemical product Z 
into O 2 (c/. Eqs. 7.10b and c): 

(6.7a) 2 Z + H 2 O- + 

(6.7b) |{02i ->|Q2 

We attribute the photochemical de-adaptation to the reaction: 

(6.8) {02}+2Eh — >2EhO 

The rate at which the intermediate oxidant { O 2 } is produced in 
light, must decrease with decreasing concentration of carbon dioxide, at 
least in a certain range of concentrations (cf. Chapter 27, Vol. II). The 
tolerance of the adapted state for light should rise under these conditions. 
In fact, if the carbon dioxide formed by fermentation is removed by an 
alkaline absorber, the adapted state can be preserved in light which 
would otherwise cause a rapid de-adaptation. 

Another treatment which prevents photochemical de-adaptation, is 
poisoning with comparatively large quantities of hydroxylamine (cf. 
Chapter 12). Apparently, this agent prevents the conversion of the 
primary photochemical oxidation product into the hydrogenase-destroy- 
ing intermediate {O 2 }, f. e., it inhibits reaction (6.7a). 

Finally, the tolerance of adapted algae for light can be increased also 
by the provision of added oxidation substrates, e. g., glucose. They 
either accelerate the removal of the primary oxidation products, HZ, 
and thus the formation of the oxidant {O 2 }, or reduce this oxidant 

in competition with the hydrogenase. 

Having thus attributed the p/ioiocAemicaZ de-adaptation to accumu- 
lation of an intermediate oxidant {O 2 I, we ask whether darifc de-adapta- 
tion should be ascribed to a similar agent, or to free oxygen. Gaffron 
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poiatod out, in support of the ^cond viewpoint, that the maximum 
rate of hydrogen consumption by the oxyhydrogen reaction, attained 
when dark de-adaptation sets in, is approximately equal to the maximum 
rate of hydrogen consumption by photoreduction, reached just prior to 
photochemical de-adaptation. This equality finds a plausible explanation 
in the assumption that de-adaptation is caused by oxidation inter- 
mediates, which in both cases must be removed by the iiydrogenase 
system. As long as the removal keeps pace with the photochemical or 
enzymatic supply of the oxidants, the adapted state is stable; wlienever 
the supply becomes too rapid, an accumulation of oxidants occurs and 
brings about the de-activation of the hydrogenase. In other words: 
the maximum attainable rates of photoreduction (in light) and of the 
oxyhydrogen reaction (in the dark) are the same, because they are both 
limited by the quantity of available hydrogenase. 

One may further ask whether the intermediate oxidant wdiich causes 
de-activation in the dark is identical with the intermediate {O 2 S of 
photosynthesis and photoreduction, or merely smiilar to it in its capacity 
to oxidize the hydrogenase. This question is important because if the 
first alternative were correct, the oxygen evolution in photosynthesis 
(reaction 6,7b) would have to be considered as a revc^rsihle process, its 
direction depending on the concentration of {O2} and the partial pressure 
of oxygen. 

The following considerations speak against this concept. In the first 
place, almost the only known reversible oxygen acceptor in nature is 
hemoglobin, and it is doubtful whether a similar catalyst exists in plants 
(c/. Chapter 11). In the second place, Gaffron concluded from poisoning 
experiments that the enzyme Eo (“ deoxidase, c/. Chapter 11), which 
catalyzes the oxygen-liberating reaction (6.7b), is de-activated, in the 
course of anaerobic adaptation, simultaneously with the activation of the 
hydrogenase, Eh. If this conclusion is correct, a reversal of reaction 
(6.7b) in adapted algae is impossible, even if this reaction were thermo- 
dynamically reversible in the first place. 4 

Gaffron^s argumentation in favor of a de-activation of the enzyme, 
Eo, in the adapted state was as follows: Cyanide prevents adaptation; 
if applied after completed adaptation, it causes a slow de-adaptation in 
light. This is best explained by assuming that an oxidation of the 
hydrogenase occurs continuously during photoreduction, but does not 
lead to de-adaptation as long as the autocatalytic re-adaptation (reaction 
6.5) holds step with the de-adapting reaction (6.8). Cyanide blocks 
re-adaptation (by “freezing'^ the hydrogenase in its oxidized state, EhO), 
and thus causes a cumulative de-adaptation in light. 

^ This hypothesis implies that a small quantity of the intermediate 
oxidants {O2} is formed even in the adapted state, where the great 
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majority of the primary oxidation products HZ is disposed of by reaction 
(6.6c). If this is true, then the absence of oxygen evolution during 
photoreduction indicates that the oxygen-liberating enzjyme, Eoj is in 
an inactive, state. 

Another argument in favor of the absence of an active enzyme, Eo, 
in the adapted state is, according to Gaffron, the fact that the adaptation 
process shares with the oxygen evolution in photosynthesis a sensitivity 
to very small quantities of hydroxylamine and phenantroline. To ex- 
plain this similarity, one can assume that the complex formation with 
hydroxylamine ^'freezes” enzyme Eo in the oxidized state, thus inhibiting 
its function in photosynthesis, but at the same time preventing its de- 
activation by reduction during anaerobic incubation. 

Gaffron (1943) suggested that the de-activation of Eo does not 
eliminate this enzyme altogether as a catalytic agent, but converts it 
into an oxidase’^ Eo' (whose presence is revealed by the oxyhydrogen 
reaction). However, it is thermodynamically impossible for Eo' to 
catalyze the formation of the same complex {O2}, whose decomposition 
was catalyzed by Eo. (A catalyst has the same effect on the velocity 
of reaction in both directions, because it cannot shift a thermodynamic 
equilibrium.) Therefore, we must assume that the transformation of 
Eo into Eo' brings about a change in specificity— in other words, that 
enzyme Eo catalyzes the formation of a complex {O 2 }' which is different 
from the complex {O2}, decomposed by enzyme Eo. 

As a result of this discussion, we attribute the de-adaptation by 
excess oxygen to the reactions: 

(6.9) O 2 ^{ 02 }' 

(6.10) '(02i' + 2EH >2 EhO 

which is analogous to, but not identical with, reaction (6.8), and occurs 
whenever the removal of {O 2 }' by the hydrogenase system (i. e., the 
oxyhydrogen reaction) lags behind the formation of this intermediate by 
reaction (6.9). 

It will be noted that, according to (6.9), the formation of the oxidant 
{O 2 I' in the oxyhydrogen reaction cannot be avoided; but its rapid 
consumption (by reaction 6.11) can prevent the deactivating reaction 
(6.10) from destroying the hydrogenase more rapidly than it is restored 
by reaction (6.5). As mentioned before, Gaffron assumed that, in photo- 
reduction too, a certain quantity of the oxidant { 02 } is formed despite 
the removal of the preponderant part of the oxidation product, HZ, by 
reaction with the hydrogenase system. 

A summary of the reactions associated with the adaptation and 
de-adaptation phenomena is given in scheme 6.1. 
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Scheme 6.L~Reactioiis in. anaerobically adapted algae. {I‘1giires in parentheses 
refer to equations in text.) 

Normal photosynthesis. 

Adaptation and photoreduction (reaction 6.6c coiii|.:Md:,-es with 6.?a, tlius con- 
verting photosynthesis into photoreduction). 

_ De-adaptation by the intermediates (Ogj (in light) or, I'OsjP (iti excess oxygen). 

.. 3. The Dark Reactions of Adapted Algae 

We now begin with a more detailed description of the metabolic 
processes in adapted algae, which were ennmerated on page 129. 

(I) and (II) : Hydrogen Absorption and Hydrogen Permentation, — 
The absorption and evolution of hydrogen in darkness and in light by 
pure cultures of Scenedesmus Di, Dg and Scenedesmus obltguus have 
been studied by Gaffron and Rubin (1942). During the first hour or 
two of anaerobic incubation, the algae fermented, liberating carbon 
dioxide and accumulating nonvolatile acids. After this initial period, 
Scenedesmus or Raphidium ceEs, while continuing the steady evolution 
of carbon dioxide, began to pick up hydrogen, if the incubation took 
place in a hydrogen atmosphere, and to liberate hydrogen if the^^ were 
placed in an atmosphere of nitrogen (Fig. 9). Algae which have l)een 
allowed to photosynthesize vigorously before incubation, evolved the 
largest quantity of hydrogen, while those which have l)ecn made to re- 
spire in the dark for a considerable length of time, gave little hydrogen. 
The rate of absorption of hydrogen was very slow, but the total amount 
absorbed in several days was considerable — 1 ml. of cells took up as 
much as 2 ml. of hydrogen (simultanelusly wnth the evolution of 1.3 ml. 
of carbon dioxide). This corresponds to an exchange of about one-tenth 
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of one mole of hydrogen per liter of cell volume, and shows that the 
substrate of hydrogenation is a major cell component, whose concentra- 
tion is considerably larger than that of chlorophyll (the latter being of the 
order of 0.01 mole per liter, c/. page 411). 

The liberation of hydrogen can be increased by the addition of an 
external fermentation substrate, 6. p., glucose (Fig. 10). In the presence 
of 0.07% glucose, (in phosphate buffer of pH 6.2) 1 ml. of Scenedesmus 
cells produced hydrogen steadily at the rate of 0.2 ml. per hour. 



Fig. 9, — Liberation of molecular hydrogen by fermentation in Scemdesmiis (after 
Gaffron 19420. 

0.027 ml of cells in culture medium with 0.01 M phosphate buffer of pH 6, con- 
taining 0.2% glucose. 25® C. Curve b: KOH solution in side arm of vessel, absorbing 
carbon dioxide. 

Among several carbohydrates investigated by Gaffron and Eubin, 
glucose alone was found to stimulate fementation (in all its forms) 
immediately. All others acted with a lag, indicative of a need for 
preliminary enzymatic transformation. In contrast to respiration and 
photosynthesis, the hydrogen fermentation was dependent on pH, with 
an optimum between pH 6 and 7. 

The “acid fermentation” continues independently of the hydrogen 
fermentation. Therefore, the ratio ACO 2 /AH 2 can vary in the widest 
limits. Because of the simultaneous appearance of hydrogen fermenta- 
tion and photoreduction in Scenedesmus, it is safe to assume that the 
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site of the hydrogen fermentation is in the chloroplaste (while acid 
fermentation may occur everywhere in the cell). 

The nonvolatile acids, produced by the autofermentation of algae, 
contained only a few per cent of lactic acid, while in presence of glucose, 
this percentage reached 50%. (In some colorless heterotrophic organ- 
isms, the fermentation of glucose produce up to 95% lactic acid.) 

The mechanism of the hydrogen evolution and ab.sorjjtion by algae 
which contain an active hydrogenase, can be represented by equations 
(6.2) and (6.3), (or 6.6a,b): the hydrogen is transferred from the atmos- 
phere, through the reversible systems, Eh-HjEh and Ah-H 2 Ah (and 
probably through specific oxidoreductases), to a cellular oxidant, R; or 
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i Ito. 10.— Increase in fermentation and hydrogen production in Scenedesmus by 
‘ glucose Caftea; Gaffron 1942i). 

Final sugar concentration, 0.06%. Curve 1: carbon dioxide with acid. Curve 
la.' carbon dioxide md acid after addition of glucose. Curve S: hydrogen. Curve 3a: 
hydrogen after addition of glucose. 

from a cellular reductant R'Hs, through a similar catalytic system, back 
mto the atmosphere. The direction of the process should depend on the 
omdation-reduction potentials of the cellular reserve substances R and 
R , on their concentrations, and on the partial pressure of hydrogen. 

, , M _ _ (III) and (IV) . Oxyhydrogen Reaction and the Reduction of Carbon 
; Dioxide in the Dark (Algae as Chemautotrophic Bacteria).— As men- 
tioned on page 132, sm^ quantities of oxygen prevent anaerobic adapta- 
tion, but after adaptation, they are tolerated, without causing a return 
to normal photosynthesis, because they are used up by the oxyhydrogen 
reaction. ( If, a few miUimeters of oxygen are added to an adapted 
Scenedesmus culture in a hydrogen atmosphere, in the dark, the algae 
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begin to consume both, hydrogen and oxygen (Gaffron 1940^). Figure 11 
shows the course of gas absorption in the presence of about 3.8 mm. Hg 
of oxygen (50 mm. Brodie solution). The total gas absorption ap- 
proaches, but does not reach 150 mm. (the value which corresponds to 
the complete absorption of oxygen, with double its volume in hydrogen). 

Figure 11 also shows that the gas consumption increases above the 
2 H 2 + O 2 mark if carbon dioxide is present; and analysis shows that, 
in this case, carbon dioxide is absorbed together with hydrogen and 
oxygen. The algae probably now function as chemautotropMc ^'hy- 
drogen bacteria,^' that is, they couple the combustion of hydrogen with 
the reduction of carbon dioxide. 





Fig. 11. — Oxyhydrogen reaction in adapted in presence and absence 

of carbon dioxide (after Gaffron 1942). 

Initial oxygen concentration, 50 mm. Brodie solution. 

In contrast to Bacillus picnoticus, described in chapter V, chemo- 
synthesizing Scenedesmus cells have only a very limited tolerance for 
oxygen. If, for example, the partial pressure of oxygen is increased to 
23 mm. Hg (300 mm. Brodie), the rate of the oxyhydrogen reaction 
declines rapidly and "de-adaptation^^ sets in. B, picnoticusy on the other 
hand, works well even in pure electrolytic gas. However, other bacteria 
capable of catalyzing the oxyhydrogen reaction, for example, Acetobacter 
peroxidans (cf, page 118), are also inhibited by excess oxygen. 

In a renewed study of the oxyhydrogen reaction in adapted algae, 
Gaffron (19422) confirmed that in absence of carbon dioxide, the ratio 
AH2/AO2 often is much smaller than the theoretical value of 2 for water 
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synthesis. A similar observation was made in the case of E. pimoticus 
(page 117); but there Ruhland attributed the excess oxygen consumption 
to respiration, i. e., autoxidation of cellular sub.strates, which procc 
simultaneously with the combustion of hydrogen. A similar explanation 
is impossible in the case of the hydrogen-adapted algae. In the first 
place, the ratio AH 2 /AO 2 drops in these algae as low as 1.0 (a.s against a 
minimum of 1.8 in hydrogen bacteria). In the second pl.-iee, re.spiration 
is practically absent (as shown by determinations of the carbon dioxide 
production during the oxyhydrogen reaction). Gaffron suggested, there- 
fore, that in the absence of carbon dioxide oxygen is reduced only to a 
peroxide. (However, since a continuous accumulation of peroxide 
appears impossible, one must assume that its reduction is completed by 



Fig. 12. — Inhibition by gkee^ of the hydrogen uptake by the 
oxyhydrogen reaction in Seerwdesmm (after Gaffron 1942), 

cellular hydrogen donors — without the latter^s being oxidissed to carbon 
dioxide.) 

In presence of carbon dioxide, the ratio AH 2 /AO 2 is between 2 and 3 
(as shown in Fig. 11), while the ratio AC02/(AH2 — 2 AO 2 ) (compare 
Table 5.VI) is close to 0.5, "This indicates that now all absorbed oxygen 
is reduced to water, while all absorbed carbon dioxide is converted into 
carbohydrates. Thus, the reduction of carbon dioxide helps the oxy- 
hydrogen reaction to run to completion. 

The efficiency of chemosynthesis was measured, on page 117, by the 
ratios ACO 2 /AH 2 and AH 2 /AO 2 . The minimum value of the second 
ratio, in the presence of carbon dioxide, is 2.0 (no chemosyntliesis, but a 
complete combustion of hydrogen to water), while the majority of 
experiments gave values between 2.6 and 3, a result similar to that 
obtained by Ruhland with Badllus pimoticus (AH 2 /AO 2 < 2.8, cf. Table 
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5.VI). In other words, in the presence of carbon dioxide, for every two 
molecnles of hydrogen transferred to oxygen, up to one molecule finds 
its way to carbon dioxide. ■ 

In place of molecular hydrogen, hydrogen from organic donors can 
be used by adapted algae in reactions with oxygen, as shown by the 
diminution of hydrogen consumption caused by the addition of 0.05-1% 
of glucose, or yeast autolysate (qf. curves a and 5 in Fig. 12). The occur- 
rence of coupled carbon dioxide reduction remains to be demonstrated 
in this case. 

The explanation of the oxyhydrogen reaction in adapted algae requires 
one new assumption (in addition to the presence of a hydrogenase and 
of an oxidase, which already have been postulated in the interpretation 
of the adaptation phenomena). This assumption is that the oxidant 
{O 2 }' can react not only with the hydrogenase, Eh (thus causing de- 
adaptation) but also with the intermediate reductant, H 2 EH, thus com- 
pleting the transfer of hydrogen to oxygen. The fact that the ratio 
AH 2 /AO 2 in the absence of carbon dioxide often is closer to 1 than to 2 
indicates that this reaction takes place in two steps : 


{Od'H- HsAh- 
{HaOd + H2 Ah- 


{H2O2I + Ah 
— ^2H20 4' Ah 


(6.11a) 

(6.11b) 

and that the second step can be replaced by reaction with an internal 
hydrogen donor: 


fHaOs} -f H 2 R ■ 


— > 2 H 2 O 4" R 


(6.11c) 

thus reducing the hydrogen consumption to one molecule of hydrogen 
per molecule of oxygen. 

This mechanism of the oxyhydrogen reaction is represented in scheme 
6.IIA, which is merely a partial elaboration of scheme 6.1. 

In the presence of carbon dioxide, reaction (6.11) runs to completion, 
and one molecule of carbon dioxide can be reduced simultaneously with 
the reduction of two molecules of oxygen. This indicates that reaction 
(6.11c) is replaced by a/^coupled^^ reaction: 


( 6 . 12 ) 


4 H 2 AH 


{ 


+ 2 {H2O2} 
+ {COa} — 


4 II 2 O ■4’ 2 Ah 


{CH2O} 4- H2O 4- 2 Ah 


represented by scheme 6. IIB. A combination of (6,11) with (6.12) leads 
to the ratios AH 2 /AO 2 = 3 and AC02/(AH2 — 2 AO 2 ) = in agreement 
with the experimental values.' . ■ ' 

The nature of the coupling between the oxyhydrogen reaction and 
the reduction of carbon dioxide, symboliased by bracketing in (6.12) will 
be discussed in chapter 9 (page 235). 

Equation (6.12) shows that the t'chemosynthetic'^ reduction of 
carbon dioxide in adapted algae requires the existence of an enzymatic 
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link between the hydrogenase-exidase system on the “oxidation side” 
of the primary photochemical proems (cf. Scheme 6.1) and the catalytic 
system on the “reduction side” of this primary process (which takes 
care of the reduction of carbon dioxide in photosynthesis^ A similar 


Hs-iic) 

aiSp ^ 

Scheme 6JI 

A. Mechanism of the oxyhydrogen 
reaction in adapted algae. 
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time to reach the absorption vessel. Similarly to the hydrogen fermenta- 
tion in the dark, the hydrogen production in light can be sustained by an 
added hydrogen donor, e. p., glucose. 

The hydrogen evolution in light is not affected by some poisons 
(c. dinitrophenol) which inhibit the hydrogen fermentation in the dark. 
It thus seems that light permits the by-passing of an enzymatic step 
necessary for the hydrogen fermentation in the dark. 



Fig. 13. — Photochemical absorption and evolution of hydrogen by Scenedesmm in 
absence of carbon dioxide at different %ht intensities (after Gaffron 1942). 

0.074 ml. of cells of Scenedesmus Ds in 0.05 ildf phosphate buffer of pH 6,2 at 25® O. 
Side arm contains KOH, Preceding dark periods, 20 hours; during this time the algae 
have formed hydrogen up to 0.2% of the gas phase. 

The explanation of the photochemical evolution of hydrogen requires 
the assumption that the photochemical hydrogen transfer can be inter- 
posed between the hydrogen donor R'H 2 and the hydrogenase system 

Ah ^ Eh ^ -ry 

HaAn" H2 Eh"~ — * 

as represented in scheme 6.111, where the photochemical reaction se- 
quence (6.14), (7.10a), (6.13), achieves the same result as the dark 
reaction (6.6b0. The method of representation used in scheme 6.III is 
different from that in schemes 6.1 and 6.IL Instead of giving a complete 
representation of each partial reaction, we have merely written down 
the oxidation-reduction systems which participate in the process, and 
indicated by arrows the direction of hydrogen transfer between them. 

photochemical absorption of hydrogen can be interpreted in two 
ways: either as a light-accelerated hydrogenation of organic acceptors, 
R, or (as mentioned on page 129) as a photoreduction of carbon dioxide 
produced by fermentation. The first alternative is represented in 
scheme 6111 by the reaction sequence (6.6c), (7.10a), (6.15), whose 
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fiTifl, 1 result is identical with that of the dark reaction (6.6b). In the 
second alternative, reaction (6.16) is replaced by (7.10d,e). 

Comparing scheme 6.III with scheme 6.1, we find two now features. 
In the first place, it provides for an enzymatic link between the catalytic 
systems on both sides of the primary photochemical hydrogen transfer, 
by means of the reaction: 


2HX + Ah- 


-+ HsA n + X 


(6.13) 

This means that the primary reduction product in photo.synthesis is 
capable of supplying hydrogen back to the same acceptor which serves 
as a reductant for the primary photochemical oxidation product, Z, 


COa 


light 





HaO 


Scheme 6.III. — ^Photochemical and dark reactions in adapted algae. Simplified 
representation. Arrows indicate hydrogen transfers between two oxidation-rediudion 
systems. Full equations given in text and referred to by figures in parentheses. 

"" Normal photosynthesis (6.7a, b), (7.10a), (7.10d, e). 

< Photochemical and dark hydrogen liberation. The first step of the dark 

reaction (6.6b0 is by-passed in light via (6.14), (7.10a) and (6.13). 

Photochemical and dark hydrogen consumption. The last step of the dark 

reaction (6.6b) is by-pa^ed in light, via (6.6c), (7.10a) and (6.15); alterna- 
tively hydrogen may go in light to CO 2 (by reactions 7.10d, e) instead of H 
(by reaction 6.15). 

by means of reaction (6.6c). Tbe necessity for a nonphotochemical 
linkage between the two catalytic systems already was emphasized in 
connection with the mechanism of the ohemosynthetic reduction of 
carbon dioxide, where an enzymatic link had to be provided from the 
hydrogenase system to carbon dioxide. 

The second feature of scherne 6.111 are the direct links (0.14) and 
(6.15): 


(6.14) 

(6.15) 


-f- 2 Z ■ 
R+2HX- 


-^R' + 2HZ 
-S'HjR + ZX 
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between the cellular hydrogen donors, H 2 R', and cellular hydrogen 
acceptors, R, on the one side, and the primary photochemical products, 
Z and HX, on the other, which provide parallel photochemical channels 
to dark reactions (6.6b) and (6.6b0. (This relation between the paths 
of dark and photochemical reaction explains, incidentally, why they are 
not necessarily inhibited by the same poisons.) 

The assumption of reaction (6.14) leads to a question which must for 
the time being be left open: Why are nonadapted green plants — in which 



Fig. 14, — ^Time course of gas exchange of anaerobically incubated Scenedesmus 
(after Gaff ron 1942). 

Downward trend — absorption of hydrogen; upward trend — liberation of oxygen. 

1 — ^Hydrogen — 560 lux. 3 — ^Hydrogen — 200 lux. 

2— Hydrogen — 1020 lux. 4 — ^Hydrogen— 6000 lux. 

5 — ^Air — 6000 lux. 

allegedly only the system H 2 Eh/Eh is eliminated by oxidation to EhO— 
incapable of using organic compounds as hydrogen donors in photosyn- 
thesis (instead of water)? One may suggest that the enzyme which 
catalyzes reaction (6.14) is de-activated simultaneously with the hydro- 
genase, or that the rate of reaction (6.14) is so slow as to make its com- 
petition with reaction (6.7a, b) impossible, as long as the /^deoxidase'^ 
which catalyzes the latter reaction is fully active. (The de-activation 
of this enzyme was postulated, on page 134, to be the second feature of 
the adaptation process, supplementing the activation of the hydrogenase.) 
Reaction (6.15) poses a similar question as to why plants are unable 
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to use cellular oxidants, E, as hydrogen acceptors in photoQ^ntheas 
instead of carbon dioxide. However, it was mentioned above that this 
reaction can be eliminated if one assumes that tlie hydrogen absorbed 
in light is conveyed to the fermentation carbon dioxide rather than to R. 

(VI) and (VII). Photoreduction fay Adapted Algae (Algae as Photo- 
synthesizing Bacteria). — Hydrc^en-adapted algae can reduce carbon 
dioxide either at the cost of molecular hydrogen or of organic hydrogen 
donors, the latter taking precedence as long as they are available. When 
adapted algae are illuminated in presence of carbon dioxide, the photo- 
chemical consumption of hydrogen sets in only after a certain delay, 


2600 LUX 
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Fig. 15.— Time course of photoreduotion by adapted Seemdesmim D$ as a fimctiou 
of the partial pressure of hydrogen (after G^ron 1942). 

Culture medium. Adaptation 16 hours in hydrogen; 4% carbon dioxide. All 
, mixtures of hydrogen and nitrogen contained 4% carbon dioxide, 0—96% hydrogen; 

, o 22% hydrogen; A — 8% hydrogen; 4% hydrogen. 

1 1 ( [ 'I f , '' S f } i i ' , 1 f 

. during which .the cellular hydrogen donors are used up. In agreement 
. with this explanation, the length of the induction period decreases 
. ^ » with increased light intensity (while in ordinary photosynthesis the 
■ ( : length of the induction period is independent of light intensit}") . The 
mduction effect is illustrated by the curves for 200 and 660 lux'^in figure 
: 14; the curves for 1020 and 6000 lux show, in addition to induction/ the 
de-adaptation by excessive light. 

; ; : ; ; ? : ,1Ihe "phetosynthetie quotient,” AHj/ACOs, of the hydrogen-adapted 
algae was found by Gaffron (1940®) to be 1.97 (average of five measure- 
1 . wifb Scenedeamv^ Ji», and seven measurements with Scenedesmus 

■ phhquus, individual values varying between 1.84 and 2.17). This result 
be compared with the corr^onding quotients found for purple 
^ hydrogen bacteria and assembled in table 5.III. In that table, some 
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figures (particularly those of French and Wessler) were considerably 
above 2. Gaffron, too, at first found quotients as high as 3, but decided 
that these high values were due : (a) to hydrogen absorption not connected 
with photoreduction; and (6) to carbon dioxide liberation by acid 
■fermentation. 

The consumption of hydrogen increases linearly with light intensity 
between 200 and 600 lux; but before any light saturation^' can be 
observed ^^de-adaptation" sets in, as illustrated by figure 14, and photo- 
reduction is replaced by normal photosynthesis. De-adaptation can be 
delayed by hydroxylamine or phenantroline (c/. Chapter 12, page 319); 
the maximum rate of photoreduction observed under these conditions 
was three times the rate of dark respiration. 



Fig. 16. — Photoreduction with hydrogen in Scmedesmus (after Gaffron 1940i). 

Preceding anaerobiosis, 12 hours. 20° G. in H 2 . Curve /: cells washed and sus- 
pended in 0.01 M* NaHCOs. Curve 11: cells suspended in nutrient medium with 
0.01 M NaHCOs and 0.5% glucose. 

The effect of hydrogen concentration on the rate of photoreduction in 
nitrogen is shown in figure IS. The reaction is slowed down when the 
hydrogen concentration is below 20% and de-adaptation starts rapidly 
beloW' 4%. ' 

It was mentioned before that hydrogen-adapted algae also may 
function like heterotropMc purple bacteria, that is, reduce carbon dioxide 
at the cost of hydrogen from organic donors. The delay in hydrogen 
absorption, which was attributed above to the cleanup" of intercellular 
hydrogen donors, and illustrated by figure 14, can be interpreted as 
evidence of this type of metabolism. This delay can be extended by a 
supply of organic reductants. Figure 16 shows the effect of glucose on 
the consumption of hydrogen. The hydrogen absorption in the dark is 
inhibited entirely, and that in light is strongly reduced. An induction 
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period of four minutes appears in light, during which no hydrogen is 
consumed at all. Obviously, the supply of hydrogen from glucose or 
its metabolic derivatives sufiBces to cover all requirements in the dark, 
and to eliminate the absorption of hydrogen from outside in the first 
four minutes of illumination. After that, the more rapidly diffusing 
molecular hydrogen enters into competition with the slower diffusing 
glucose. A complete inhibition of hydrogen uptake has be<jn ob.served 
when yeast autolysate is used instead of gluco.se. 

The explanation of the photoreduction by adapted algae is contained 
in scheme 6.1. It is due to the “interception” of the photochemical 
oxidation products by the hydrogenase system, with the cellular hydrogen 
donors R'H2 and external hydrogen competing as suppliers of hydrogen 
to the intermediate reductant, HiAn (cf. Schemes G.II and O.III). The 
evolution of oxygen is probably prevented not only by this interception 
(which, as noted on page 135, is not perfect), but also by the de-activation 
of the “deoxidase,” Eo (page 134). 

The photosynthesis of green and purple bacteria may proceed by 
exactly the same mechanism as the photoreduction by adapted algae 
(except that their enzymatic system is “frozen” and under no circum- 
stances can switch over to the liberation of oxygen) ; but more probably, 
the incapacity of purple bacteria to produce o.xygen is caused by a 
different character of the primary oxidation products, Z, which do not 
contain sufficient energy for transformation into {0«j and free oxygen, 
and can only be reduced by the hydrogenase s,ystem {cf. Chapter 7, 
page 169). 

Despite the analogy between the metabolism of adapted algae and 
purple bacteria, there is a difference in the role which this metabolism 
can play in the life of these plants: Gaffron (1943) found that, after 
several days of “pbotoreduction,” the algae showed no multiplication or 
increase in chlorophyll concentration comparable to that caused by a 
similar period of photosynt^besis. 
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THE PRIMARY PHOTOCHEMICAL PROCESS * 

I. The Problem of the Primaiy Process 

Observations with isolated chloroplasts, bacteria, and hydrogen- 
adapted algae, described in chapters 4, 5 and 6, as well as kinetic meas- 
. urements (to be described in Volunae 11), indicate that photosynthesis 
is not a direct reaction between carbon dioxide and water, but a com- 
plicated sequence of physical, chemical and photochemical processes. ' 
One of the most important problems in the study of the mechanism of 
photosynthesis is the identification of the primary phofochcmical reaction ) 
(or reactions), and its separation from the nonphotochemical processes, \ 
which may precede or follow it in the reaction sequenc^ 

In the third chapter, the photosynthesis of green plants was described 
as a hydrogen transfer from, water to carbon dioxide; and in the fifth 
chapter, bacterial photosynthesis was characterized as a transfer of 
hydrogen to the same acceptor, from reductants otiier than water, 
if tJiese hydrogen transfers may be a^ociated with reactions of a 

' ' • dafefent type, «. g., carboxylations, hy(katiohs, phosphorylations or 
. ,!■ , ; disinufcations, wp feel safe to assume that the primary photochemical 
process is a stage in the main oxidation-reduction process. 

One suggestion of a different kind (cf. Ruben 1943, and Emerson, 
Staler and TJmbrmt 1944) was that the absorbed light energy (or, at 
least, a part of it) is used for the synthesis of high energy phosphate esters, 
whose subsequent degradation is coupled/with endeigonic oxidation- 
reductions. This theory, derived from observahions ATI TnAAKfit'rslfflir* 
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In the present chapter, wo will disregard these hypotheses and consider 
the primary photochemical process as a stage in the main oxidation- 
reduction reaction between water (or a substitute reductant) and carbon 
dioxide. 

In green plants, and in many bacteria as well, the hydrogen transfer 
must occur against the gradient of domical potential, i. e., from, an 
oxidation-reduction system ( 02 -H 20 ) with a more negative potential to 
a system (C02*-{CH20}) with a more positive potential. This '^uphill 
flow^^ is possible only with the assistance of external energy; heire, light 
is called upon to play its part. However, the exact location of this 
‘'lift’' in the reac^tipn.seqyem^ p;^dicted,a priori^ When a 

canal is built between two bodies of water situated at different levels, 
the provision of locks cannot be avoided; but whether these locks are 
constructed at the upper or lower end of the waterway is a purely practical 
problem. Similarly, the photochemical processes, which serve as "locks” 
in the flow of hydrogen from water to carbon dioxide, can be located 
either at the beginning of the transfer (in the oxidation of water) or at 
its end (in the reduction of carbon dioxide), or somewhere in the middle, 
or even in several different places.%^ 

The description of the phoiQ^sb^Iuioi«pmc^^ 
a transfer of hydrpgen a^oms^ which will be used throughout this chapter, 
doS^norexdff^ that it may be primarily an electr^ 

transfer. As described elsewhere (c/. Chapter 9, page 219), elecf^p 
transfers coupled with acid-base equilibria, are equivalent to hydrogen 
transfers (and, if coupled with hydrations and dehydrations, may be 
equivalent to oxygenations). 

. • Franck (1935) and Stoll (1936) once made the suggestion that the 
/primary photochemical process in photosynthesis may be an exchange of 
r hydrogen for hydroxyl (cf. Chapter 19, page 555). However, the assump- 
tion of a transfer of hydroxyl radicals from carbonic acid to water is 
equivalent to the postulate that one part of the liberated oxygen originates 
in carbon dioxide, a concept which was fouhli lh chapter 3 (page 55) 
to be in conflict with experimental evidence. 

Looking for analogies to the postulated primary photochemical 
reaction in the realm of ordinary photochemistry, we find them in certain 
phenomena discussed in sections 4 and 5 of chapter 4. It was suggested 
there, that light absorption by inorganic ions in solution often leads to 
the oxidation of water, even though this effect remains “hidden” be- 
cause of the high rate of back reactions.^ In certain dyestuff solutions, a 
similar photochemical electron transfer takes place in the presence-of 
added reductants, for example, ferrous ions, and may perhaps occur also 
in their absence. In the system thionine-ferrous ions, the back reaction 
is so slow that the mixture, can lose ail its color in light (as described 
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in Chapter 4, page 77), despite the fact that the oxidation potential of 
thionine is several tenths of a volt more positive than that of ferric iron. 
This is the best-known photochemical reaction in vitro which is funda- 
mentally similar to the postulated primary photochemical process in 
photosynthesis — similar in that it, too, is an oxidation-reduction which, 
with the help of light, proceeds against a considerable gradient of chemi- 
cal potential. 

. The unique characteristic of photosynthesis probably is not the 
I photochemical transfer of hydrogen from water to an oxidant much 
1 weaker than oxygen, brought about by visible light — this may be a 
common occurrence even in nonbiological systems — but the avoidance of 
hack reactions. The latter prevent a direct demonstration of primary 
photochemical water oxidation in many simple inorganic systems, and 
make even the photoxidation of ferrous ions by thionine a transitory 
phenomenon. 

The secret of how back reactioim are prevented in photosynthesis 
must be sought in the heterogeneous structure of the photosynthetic appa- 
ratus and the consequent topochemical mechanism of the whole process — 
meaning by this term a chemical mechanism in which the participants 
follow prescribed paths on the catalytic surfaces, without apiiearing as 
free intermediates between the successive steps of their catalytic trans- 
formations. The preservation of at least a part of this structure in 
isolated chloroplasts may account for the success of Hill’s experiments 
on chloroplast-sensitized photoxidation of water by ferric oxalate. 

Theoretically, there is no reason why all electronic energy contained 
in molecules excited by the absorption of light should not be available 
for oxidation-reductions. A light-excited molecule is both an efficient 
electron donor (that is, reductant) because it contains a “loose” electron; 
and a potential electron acceptor (that is, oxidant) because (to use a 
picture suggested by Weiss) it contains a “hole” in its usual complement 
of electrons. 

M electronic excitation energy is “free energy” and thus avaikble for chemical 
reaetiona Therefore, in a true thermodynamic equilibrium, light-excited molecules can 
be assigned oxidation-reduction potentials equal to those of the same molecules in the 
normal state plus (or minus) their electronic excitation energy. Excitation by visible 
light (X = 700-400 m/j) should add (of subtract) from 1.7 to 3 volt to the oxidation- 
reduction potential of the excited molecules, and thus make even the wenkest oxidants 
thermodynamically capable of oxidizing water, and even tlie weakest rediictants able 
to reduce carbon dioxide. However, ^a photochemical reaction is practically never a 
part of a true thermodynamic equilibrium (unless W’e consider systems at very higli 
tem^ratures, as, for example, the cosmic bodies). (What is obse'rved under ordinary 
conditions is a progressive conversion of light, partly into heat and partly into clieiiiical 
energy; the high theoretical oxidation or reduction potentials of the light-excited 
molecules are of no practical avail if the conversion into heat occurs much more rapidly 
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than the energy-storing photochemical reaction. In other words, the problem of 
oxidation and reduction by light-activated molecules is one of reaction hineiics rather 
thsm thermodijnamics. y 

^ We will now describe the different specific interpretations of the 
photochemical oxidation-reduction process in photosynthesisji using a 
logical rather than historic approach. It was stated above that the 
photochemical stage may be located at the oxidation end” or at the 
reduction end,” or in the middle, of the sequence of reactions by which 
hydrogen atoms are transferred from water to oxygen. We can represent 


this “hydrogen bucket brigade” 

by the following scheme: 




P 


CO2 




02 

, 




t 

: 




1 

4. 




i 

,J {COs} 4 

-HX 

Y < 

HZ 

|OH} 

IHCO2} vx 

X <— 

— HY 

Z < 


M 

1 



J 

t 

1 

i 

W, ■ ' 


/ 

, \ , / 1 

{CH201 



#, 

H3O 

Scheme 7 . 1 . — Photosynthesis ^ an oxidation-reduction, coupled with preparatory 


and finishing catalytic reactions (represented by dotted and dashed arrows, respec- 
tively). Full arrows symbolize hydrogen transfers (or electron transfers) between 
adjacent oxidation-reduction systems. * 

Full arrows in scheme 7.1 symbolize hydrogen transfers between adjacent 
oxidation-reduction systems (e. g., the second full arrow from the left 

f represents the reaction HY + X >Y -f HX). For the sake of 

simplicity, all these systems are assumed to be ‘^monovalent” (c/. 
Chapter 9). Broken arrows represent “finishing” catalytic reactions 
(dismutations, polymerizations, etc.) by which the first reduction product 
of carbon dioxide, {HCO 2 }, is converted into a carbohydrate, and the 
first oxidation product of water, {OH}, into free oxygen, while dotted 
arrows symbolize the “preparatory” reactions by which the reactants 
(CO 2 and H 2 O) are “fixed” prior to their participation in the oxidation- 
reduction proper. Braces in scheme 7.1 — as throughout this book — | 
indicate that the components are supposed tO' be present, not in the free 
state, but as parts of larger molecules or complexes. 

The catalytic system which serves as the immediate hydrogen donor 
to carbon dioxide (or to a carbon dioxide-acceptor complex, cf. Chapter 
8), is designated in scheme 7.1 by X, and the system which serves as the 
immediate hydrogen acceptor from water (or a water-acceptor complex), 
by Z, while Y stands for an intermediate catalyst which does not react 
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with ether of the two reaction compoaenta. Photosynthe 
■equire several such intermediates (Y', Y" • • *), or none at ah. 


is even possible (although not very probable) that only a single 
oxidatio%reduction system lies between water and carbon diojdde, *. «. • 
that X and Z are identical (this single intermediaiy being the chloro- 
phyll, c/. Chapter 19). 

Any one (or several) full arrows in pcljenie 7.1 may represent the pij- 
inary photochemical process (or processes). If one asstimos only one such 
fifbeeiffl, it appears that /owr should be sufficient to bring about 

pSCtb^thesis, since four hydrogen atoms are required for the reductlnn 
of one mo lecule of carbm di oxide to the carbohydrate level. EarliS 
.qSStum yield determinations seemed to support this conclusion ( Vol. 

II, Chap. 29); and, even though recent experiments have proved it to 
be incorrect, it is still useful to begin our discussion with the eon-sidera- 
tioh of “four quanta theories,” since they can be used afterwards as a 
basis for theories in which a larger number- of quanta are as.sumed to 
contribute to the reduction of on® molecule of carbon dioxide. We shall 
initiate this discussion in section 2 (page 155) with the four quanta 
theories which consider the primary photochemical process to be the 
dehydrogenaiion of water {cf. Scheme 7.II). In section 3 (page 157), we 
shall consider a similar theory which identifies this process with the ' 
hydrogenation of carbon dioxide {cf. Scheme 7.III); and in section 4 (page 
169), we shall make the least specific assumption that the primary process 
is an exchange of hydrogen between two intermedudes (cf. Scheme 7.IV). 

■ '■■■ Thermochemioal difficult (Vol II, Chapter 29) make four quanta 
theories implausible, and recent redeterminations of the quantum yield 
of photosynthesis have confirmed that at least eight quanta are required 
for the reduction of one molecule of carbon dioxide. The next step in* 
our discussion will thus be the transition to “eight quanta theories,” by* 
a combination of two different or identical four quanta processes. Two 
“eight quanta theories” will be discussed in sections 5 and 6 (pages 160 
and 164). In the first one, four hydrogen atoms take part in two different 
photochemical transfers each (cf. Schemes 7.V and 7.VA), while in the 
second, eight hydrogen atoms are transferred by eight identical photo- 
chemical reactions, but the energy of four of them is used afterwards for 
' " second activation of the other four (c/. Scheme 7. VI). 

Tn +.Kese eight quanta schemes, too, the primary photochemical 
may be located either at the “oxidation end” or at the *^rc- 
id of the reaction sequence (or in both places), or somewhere 
middle. In schemes 7.V and 7 .VI, the last alternative is used as 
one. We consider these schemes the most appropriate 
i the quest for the true chemical mechanism of photo- 
ocneme 7.VA, suggested by Franck and Herzfeld (1941) 

: „ i ‘€ • , „ i I ; , '• I !'Jl 
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represents a possible elaboration of 7.V; its ad^tages 'and disadvan- 
tages will be discussed in section 7. ” 

In Franck and Herzfeld’s theory (as well as in several other theories 
of the primary process), one of the participants in the photochemical 
oxidation-reduction was identified with chlorophyll. We have eliminated 
all reference to chlorophyll from reaction schemes in this chapter, so as 
not to prejudice their generality. The chemical function of chlorophyll 
in photosynthesis, and its possible identification with one of the inter- 
mediate oxidation-reduction catalysts in scheme 7.1, will be discussed in 
chapter 19* 

2. Oxidation of Water as the Primary Process 
Fiest Foue Quanta Theoey 

In first formulating th^xidatipu-reduction theory of photosynthesis, 
van Niel ,(c/. van Niel and Muller, 1931, Muller 1933, van Kiel 1931, 
1935, 1941) postulated that photosynthesis involves a single photo- 
chemical reaction and that this r^ctign is the decomposition of water (as 
was suggested earlier by Bredig in 1914, Hofmann and Schumpelt in 
1916, Thunberg and Weigert in 1923, and Wurmser in 1930). |The 
reduction of one molecule of carbon dioxide to a carbohydrate requires 
the transfer of four hydrogen atoms. If we assume that each of these 
atoms is contributed by a different molecule of water, that is, if we 
select the alternative reaction '^3.14) in preference to (3.13), we can 
postulate, with van Niel, four iderttical primary photochemiccd reactions: 


(7.1) 


4 {HsOl 


4Ar 


■^4 (HI +4 {OH} 


where hv symbolizes, in the usual way, a quantum of light energy. 

The decompositiott of water has also been ‘postulated, as the principal or only 
photochemical reaction in photosynthesis, by Shibata and Yakushiji (1933), Dhar (1934), 
and Gaffron (1942). . ^ ^ 


In equation (7.1),'''bracfe, again indicate that the components and 
products of this reaction do not occur in the free state. Water is assumed 
to be attached to a molecular complex, which probably includes the 
sensitizer (chlorophyll), while* the “primary reduction product,” {H},* 
and the “primary oxidation product,” {OH}, are taken up by unknown 
“acceptors.” With free molecules, atoms and radicals, reaction (7.1) 
would require not less than llO.kcal per mole ;(c/. Table 9.II), that is, 
more than twice the energy available ;hi one quantum of red light. In 
order to make the primary reaction at all possible, the energy of 
association of the products, {H}'^nd slOH},, with their acceptors, must 
be larger than that of water, by at least to^kcal per mole. (We recall 
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, that, on page 73, the' i^^rptioB of hydrogen and hydroxyl radicals by, 
zinc oxide, was suggested as m explanation of the zinc oxide-sensitized 
decomposition of water in ultraviolet light.) 

’ Instead of ' representing the elemental^ photochemical process as' a 
decomposition of water .(as, it 'appears in equation 7.1), i't .may be, useful 
to emphasize its character as .an c^xidodwn-^edtidim^ 'W'ith water (or a, 
water-acceptor . comple:^' in the part of .the ' red.iictant.,aad .an inter- 
: mediary hydrogen acceptor in the part of the oxidant.,. In , this 'case, 
we may write, using the symbols introduced in scheme 7.1: 

(7.2) 4 {HsOl +42 — > 4 f OH | + 4 IIZ 

' iy' The com,pletion of photosynthesis, initiated by reaction, (7,2)^ calls 

for a nonphotochemical reduction of carbon dioxide (or, more probabh?^, 
of an association product, {CO 2 }), by the primary reduction product 
HZ, perhaps through the intermediary of other catalysts (Y and X in 
scheme 7.1): # 

• > catalysts 

(7.3) {CO 2 } 4- 4 HZ >• {CHjOi + HsO + 4 Z 

We have further to assume the dismutation of tlie oxidation product, 
{OH}, into water and oxygen. The latter can occur either directly, 

(7.4) 4 {OH ! 2 HsO + 0* 

or through the intermediary of biradicals (peroxides {OH ) 2 or moloxides 
• {O 2 }, c/. Chapter 11): 

(7.4a) 4{0H1 >2|0H), or 

(7.4a') 4 {OH} >2 HjO+{Oj1 

(7.4b) 2 {OH ) 2 > 2 H 2 O + Oj or 

(7.4b') {O 2 } yOt 

The alternative formulation of 'equations (7,. 4a) and (7.4b) is the one 
used previously in chapter 6, e. g., in scheme 6.1. 

By the summation of (7.2) and (7.4), one obtains, for the oxidation 
of water in photosynthesis, the equation: 

/w m- 

•(7-5) 4 {HjOl + 4 Z > 4 HZ’+ 2 H 2 O + 02 

By further addition of equation (7i3), the over-all reaction of photosynthesis 


. 4 {H 2 O} +^{COj| {CH 2 O) + 3 H,0 + O 2 

van Niel s theory, , water molecules and one carbon dioxide 

participate in the formatiomof one. {CH 2 O} group, and three 
)lecules are recovered in the end; — two by the dismutation of the 
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first oxidation product, according to (7.4), and one by the dehydration 
of an intermediate reduction product, as described by equations (3.11) 
and (3.12). 


{CH20}tHi0+4Z Eo (7,4b) 

jL 

Sclieme 7.II. — Photosynthesis, with water oxidation by an intermediate catalyst as the 
primary photochemical process (first four quanta theory). 


Scheme 7. II may help to visualize the mechanism of photosynthesis 
according to van Mel. The heavy arrow in this and all subsequent 
schemes designates the primary photochemical process, while figures in 
parentheses refer to equations in text. f 

Wislicenus (1918), Thunberg (1923) and Weigert (1923, 1924) suggested that the 
primary photochemical process in photosynthesis is the decomposition of water into 
hydrogen and hydrogen peroxide, and that it is followed by a nonphotochemical reduction 
of carbon dioxide by hydrogen peroxide, either alone (Eq. 4.18), or in cooperation with 
hydrogen (Eq. 4.19b). As stated in chapter 4 (page 79), the nonphotochemicaf re- 
actions postulated in this theory require too much energy to occur spontaneously at 
the low temperatures prevailing in living organisms. There is therefore no need to 
consider the Thunberg-Weigert theory in more detail here. 

Experiments to be described in chapter 11 (page 295) prove that the substitution 
of heavy water for ordinary water affects the rate of a nonphotochemical reaction in 
photosynthesis. This does not furnish, however, an argument against the participation 
of water in the primary photochemical process, because hydrogen (or deuterium) atoms 
transferred by light from water to an intermediate acceptor must afterwards take part 
in a number of catalytic reactions. In fact, the only partial reaction in photosynthesis 
whose rate is likely to be left unaffected by the substitution of heavy water for ordinary 
water, is the fixation of carbon dioxide in the {.CO 2 } complex. 

3. Reduction of Carbon Dioxide as the Primary Process 

^ Second Four Quanta Theory 

The oldest theory, according to which the primary process in photo- 
synthesis was thought to be the decomposition of carhondioxide, had to be 
discarded when hydrogen transfer was proved to be the main mechanism 
of biochemical oxidation-reductions, and when 'all oxygen in photosynthe- 
sis was shown to originate in water. v' We can nevertheless associate the 
primary photochemical process in photosynthesis with a transformation 
of carbon dioxide, if we consider this process a»s a photochemical hydro- 
genation rather than a decomposition of this compound (c/. Scheme 7.1). 





um paracipare oirectiy m tbe primary proce®, the t 
chemical reduction of carbon dioxide must occur at the cost of an 
mediate hydrogen donor (designated by HX in Scheme 7.1). 

It has often been assumed that the reduction of carbon dioxide 
of necessity involve several succ^ive photochemical steps, c. g.: 

(7.7a) {COd + HX (HCO,! + X 

(7.7b)^ {HCOd + HX— ^ {H,CO,! + X 

(7.7c) {HsCOa} + HX — ^ (HjCOsl + X 

(7.7d) {H.CO.} + EX—^ {H 4 COd + X » iP.a.ni ^ ^ 
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SO that the over-all reaction becomes 


(7.8) 4 (COil + 2 HsO > {CHjO} + 3 {COj} + HjO + Oj 

catalysts 

The reaction mechanism (7.8) is represented graphically in scheme 7.III, 


4HX 


4hy|(7.8a) 


Scheme 7.III. — ^Photosynthesis, with reduction of carbon dioxide (in the form of a 
compound {CO 2 }) by an intermediate catalyst as the primary photochemical process 
(second four quanta theory). 


If {CO 2 } is a carboxylic acid (cf. Chapter 8), reaction (7.8c) is analo- 
gous to the ^'Cannizzaro reaction^’ (4.22b). As an analogy to (7,8b), 
we may mention the dismutation of semiquinones into quinones and 
hydroquinones. For example, the reduction of thionine by ferrous ions 
in light — a reaction whose first step was described on pag e QQQ^g similar 
to the primary process in photosynthesis — runs to corSpIelion by the 
disiputation of the primary reduction product (semithionine) into 
thionine and leucothionine: 

, 2 hp 

(7.9a) 2 Thionine 4- 2 > 2 semithionine + 2 Fe"*”*' 

(7.9b) 2 Semithionine > leucothionine 4- thionine 


■> leucothionine 4- 2 Fe’’"*' 


(7,9) Thionine 4* 2 

In van NieFs mechanisih (7. 6) ^ four water molecules participate in the 
primary reaction, and three of them are recovered; in mechanism (7.8), 
four carbon dioxide molecules participate in the primary reaction, and 
three of them are restored at the end. 

The dismutation of the radicals, {HCO 2 }, can take place either 
directly, as assumed in (7.8b), or through the intermediate formation of 
" biradicals, {HC02}2, analogous to the peroxides {OH} 2 , postulated 
in (7.4a, b),' 

4. Hydrogen Exchange Between Intermediates as the Primary Process 
Third Four Qua^nta Theory 

In the absence of decisive arguments in favor, of a direct association 
of the primary photochemical process with either carbon dioxide or 
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water, it may be useful to write down also a less specific sc 
which both the reduction of carbon dioxide and the oxidation 
are assigned to secondary catalytic reactions, and the primar 
chemical process is thought of as an oxidation-reduction reaction 
two intermediates, e. g., X and Z in scheme 7.1: 


4HZV^ 


e “ “^d^tion-reduction reaction between two inter- 

diate aa the pmnary photochemical process (third four quantotheory). 

• ; : ; k Two Different Primaiy Four Quanta Processes * ' • 

’■i : ; J ! ! ■ j'i ; i- - First Eight Quanta Theory 

assumption of /oar 

ide But reduced molecule of carbon 

Dter 29-) h n!w ! lasted for several years (Vol. II, 

probable that the ma.ximum quantum tdeld of 

aUea^dffL^n* (perhaps even 1/10 or 1/12), that is, 

.1“ S£ reduced molecuk 

use the enerev ennf * ^^^ber of available quanta is welcome, 
e energy contained in four anantn. nf / rtl-s -1 nr\ T 1 



as a photocatalyst), since it removes both carbon dioxide 
and water from the direct participation in the primary photochemical 
process, and can thus be considered as the least specific of all The 
resulting system of reactions, (7.11), represented in scheme 7.V, is a 
logical generalization of system (7.10) and scheme 7. IV. 


^4HX + 4Y 

{CH 20 1 + 3 CO 2 -f H 2 O + 4 X 

— » 4 HZ + O 2 + 2 H 2 O 


(7.11) 4 {C02i + 4 {H 2 O} > O 2 + {CH 2 O} + 3 CO 2 + 3 H 2 O 

Another scheme of the same type was suggested by Franck and 
Herzfeld (1941) to replace the older ^Tour quanta theories'' of Franck 


{cH20} + H20+3C02 

Scheme 7.V. — Photosynthesis; with oxidation-reduction reactions between three 
intermedia^ catalysts 'fas the two primary photochemical processes. (The central 
catalyst, which participates in both photochemical reactions, may be chlorophyll.) 
(r’irst eight quanta theory.) 

(1935) and Franck and Herzfeld (1937). In this scheme, the ‘'photo- 
catalyi"'' was identified with X in scheme 7.1, that is, it was assumed to 
react uirectly with the carbon dioxide-acceptor cbmplex in the ‘^photo- 
reduction,” and to be restored by an intermediate hydrogen donor in the 
“photoxidation.” ' Two additional specific assumptions/ were made by 
Franck and Herzfeld. In the first place, .they assumed that the reduced 
photocatalyst, HX; hydrogenates not only the complex, jC02}, but also 
its three reduction intermediates, {HCO^}, {H 2 CO 2 }, and {H3CO2} — 
In other words, they assumed four different phpioreduction processes 
(c/. 7.7a, b, c, and d), and combined them with four identical primary 
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'.'l^r eiust^in) is scarcely sufficient to coyer the net 
photosynthesis (112 kcal per mole) and leave a sufficient margin for lo4^^- 
involved in the stabilization of unstable intermediates (c/. Wohl 1935). 

If we assume, as a working hypothesis, that eight quanta are actually 
utilized in photosynthesis (while quanta absorbed above this number are 
lost by energy dissipation), we may ask how eight primary photochemical 
processes can be utilized for the transfer of four hydrogen atoms. The 
obvious answer is that each hydrogen atom can be activated twice^ thus 
enhancing its reducing power. 

This result can be achieved in two ways. One is to activate the same 
four hydrogen atoms photochemically twice in succession, c. g.j to combine 
two of the different four quanta processes discussed in the preceding 
sections. The other solution is to doul^ the number of identical 
primary photochemical processes, e, g., (^.2), (7.8a) or (7.10a), and to i ■ 
allow four of the primary products to recombine, transferring their * , 
recombination energy to the remaining four intermediates. This kind 
of secondary reactions can be designated as ''energy dismutations/' 
because of their analogy to chemical dismutations repeatedly mentioned 
in this chapter. c. 

We will begin by exploring the first alternative, tUt is, by discussing 
hypotheses which postulate two sets of different prifnary photochemical 
reactions. We may designate one set— in. which hydrogen atoms are | 
taken away from water (or^from an intermediate donor), as photoxidaiicnuj 5 
and those of the second set — in. which the same hydrogen atoms are 
transferred to carbon dioxide (or an intermediate acceptor), as photo- ' 
reductions (using this term in a sense different from that assigned to it " 
by Gaffron, c/. Chapter 6). J 

The hypothesis of two primary processes has often been associated 
with the assumption that the intermediate hydrogen acceptor is chloro- 
phyll, and that this pigment is capable of taking hydrogen atoms away 
from water (or another donor), with the help of light, and transferring 
them to carbon dioxide (or another acceptor), also with the help of light 

As announced before, we will postpone the question of the role of 
chlorophyll in photosynthesis until chapter 19, and use in the following 
bchemes the symbols X or Z where the original papers may have used 
Chi (= chlorophyll). However, we will retain the assumption that the 
same catalyst whose oxidized form participates in the photoxidation of 
water- also participates, in the reduced form, in the photoreduction of 
carbon dioxide. (A less specific assumption would be to consider the 
photoxidation and photoreduetion as separated- by an unknown num- 
ber of intermediate oxidation-reduction catalysts.) In other words, we 


only one of the intermediate catalysts in scheme 7.1, eitl 
is a “photocatalyst.” We begin with the second alt 
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photoxidation processes of the type (7.10a). In the second p^ce, they 
postulated that the intermediary catalyst, HZ, which reduces X to HX, 
yis an organic hydroxyl compound, ROH. Upon its dehydrogenai.ion o 
a radical, RO, this catalyst was assumed to oxidize water, fomiii^ an 
organic hydroperoxide, ROOH, which finally dismutates, restoring KOH. 
and liberating oxygen. This special mechanism of ca,talytic water 
oxidation will be compared with the mechanism (7.4) in chapter U 
(page 189). The hypothesis of Franck and Herzfeld is represented by 
the formulae (7.12) and the reaction scheme 7.VA. 


»• (CHsOi + HsO 4- X 

>2 ROH + 2 ROOH 

2 ROH + 0* 


HX + {HjCOal 
4RO + 2H2O- 
2 ROOH 


(7 12) . 2 H 2 O + [CO 2 ! ► {CH 2 OI + H 2 O 4- O 2 le, 

A characteristic assumption in scheme 7.VA is that all intermediary 
products (designated by asterisks) are stabilized by one and the same 
catalyst (Eb), to protect them from back reactions. The assumption of 
a common effect of a catalyst on four different intermediate^ on the 
“reduction side” of the primary photochemical process, and^on one 
intermediate “on the oxidation side ” is not very plausible. The number 


3 pOs + 3 HjO + |CHsO} + O, 


PRIMARY PHOTOCHEMICAL PROCESS 


6. Dismutation of Energy as an Alternative to a Second Primary Process 

Second Eight Quanta Theory 

As stated on page 154, an alternative to two sets of different photo- 
chemical reactions is a single set of eight identical primary reactions, 


iir 


Photoreduction Oxidation- Photoxidafiont of 

of Carbon Reductton of an Intermediate 

Dioxide Catalyst X Catalyst, ROH 

(ssChtorophyll?) 


Oxidation 
of Water 
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{cOj} 


HX 

Jt_ 


RO 


Eb 


{hc^ 


"tr 

X 


HX'RO* 




ROH 


bv 




I 


HX 

Jt_ 


ir 

X 


HX-RO* 


RO 


~ii 

ROH 




HX 

Jt. 


{H3^ 


^ "4 ■ 

{HjCO*} 


ir 

X 


HX-RO* 




RO 

_r 


he 


■—I 

ROH 


L 


HX 


Eb 

“T" 


RO 

J 


M A ~- 




1 
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^ROOHs 


r^ROOH- 


W2ROH-tOjj 


^ROH 
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HX’RO* 
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A 

HaO + {cHaO} 


ROH 


Scheme 7.VA -Photosynthesis according to Franck and Herzfeld. This is a varia- 
taon of scheme 7.y with the carbon dioxide complex |COd and its reduction inter- 
me^ty substatuted for the intermediate oxidant. The intermediate reductant is 

fn catalyst X (which corresponds to Y 

m sekeme 7, V) may be chlorophyll. 


coupled _ with secpndary processes by which the energy contained ir 
yht prmary intermediate products is transferred to four secondary 
intermediates. As an example, we assume that the primary reactions 
are all of the type (7.10a). This assumption leads to the following 


mechariisTYi • 
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SB 


(7.14a) 

■ 8HZ + 8X-— 

— >8Z4-8HX 

(7.14b) 


) — — >4 {HCO 2 } +4X 
— ^4H-Z-j-4X ■ 

(7.14c) 

■ 4,{HC02}— — 

^3C02-hH20 4* {CH 2 OI 

(7.14d) 

4Z-f4H20 — 

— > 4HZ + 02-f 2 H 2 O 

(7.14) 

4 H 2 O + 4 {CO 2 } 

Shv 

{CH 2 O} -f O 2 + 3 H 2 O + 3 CO 2 


This mechanism is represented in scheme 7. VI. Its essential part is the 
/^energy dismutation^^ by the coupled reaction (7.14b), in which the 
reoxidation of four reduction intermediates HX by four oxidation 
intermediates Z is supposed to assist four other molecules HX in reducing 
carbon dioxide, . 


4C0j 

Ea 
4{coJ 


8X 

L 


(7.14 q) 


E 


8HZ 


4H2O 


8HX^ -h 4 Z, + 4^^ 


1 

4-|H, 


P} 


{7.14 b) 


4{HCaa} + 


(7.14 c) 


c ](7-»4d) 


4 HZ 




(7.14d) 


{CHpl +3CO2+H2O 


Scheme 7. VI. — Photosynthesis according to the concept of energy dismutation 
(second eight quanta scheme). Primary photochemical process is an oxidatiomreduc- 
tion reaction between eight molecules of an intermediate catalyst X and eight molecules 
of another catalyst Z (one of them may be chlorophyll). The reduction of carbon 
dioxide is coupled with the recombination of one-half of thi^^rimary photochemical 
products, " ' 

A similar scheme <5^an be devised also by assuming an energy dismu- 
tation’^ on the ^'oxidation side’’ of the primary photochemical process, 
that is, by postulating that the recombination of four pairs of primary 
products gives four other primary oxidation products the power to 
oxidize water according to reaction (7.14d). 

Simple energy dismutations are well known in physics. The descent 
of one weight in a clock lifts the other weight to twice its original height, 
doubling its potential energy. When two excited mercury atoms collide, 
the result is often the excitation of one of them to twice its original 
energy level, and the return of the other into the ground state (c/. .Beutler 
and Rabinowitch 1930). 

(7.15) 2 Kg’" — - — ^ Hg** + 'Hg ■ 

Chemical reactions involving ^'energy dismutations” undoubtedly 
occur in chemosynthesizing bacteria, in which the oxidation of several 
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molecules of a, comparatively mild reductant is utilized for the production 
of one molecule (or radical) able to react with carbon dioxide. ■ This 
analogy with chemosynthesis is the main reason for the introduction of 
the concept of energy dismutation^^ into the discussion of the mechanism , 
of photosynthesis. This concept enables one to postulate only one kind 
of primary photochemical processes even if the number of these processes 
is much larger than the number of elementary oxidation-reduction acts 
(hydrogen transfers or electron transfers) required for the completion of 
j the overall reaction. 

A possible mechanism of energy dismutation '' in photosynthesis 
and chemosynthesis will be discussed in chapter 9, and the results 
presented in schemes 9.III and 9JV, The assumption on wdiich these 
schemes are based is that, after a compound, RH 2 , has been first oxidized 
by a strong oxidant (oxygen, for example) to a radical, RH, the latter 
may be able to yield its remaining hydrogen atom to a much weaker 
second oxidant (carbon dioxide, for example). 

7. Comparison of Different Primary Processes 

Comparing critically the various schemes of photosynthesis presented ■ 
in this chapter, we can discard the four quantum schemes as contradicting 
recent quantum yield determinations, as well as straining dangerously 
' the thermochemical possibilities. As between the alternative eight 
quanta theories, no final decision is possible at present. Two questions 
remain to be decided: Is the assumption of eight identical photochemical 
processes (as in 7.14) more ^probable than that of two different kinds of 
primary processes (as in 7.11 or 7.13) or of five such processes (as in 
7.12)? Does carbon dioxide dr water (or both or neither) participate 
(directly or as complexes) in the primary photochemical process? 

Although the hypothesis of two sets of primary photochemical* 
processes — photoxidations and photoreductions — does not require the 
direct chemical participation of chlorophyll in both of them, an experi- 
mental proof of the existence of two interconvertible colored forms of 
chlorophyll belonging to different reduction levels and capable of using . 

;; light energy for photoxidations and photo reductions, respectively, would 
\ strengthen this hypothesis almost to tlie point of certainty.- W'e shall 
see, in chapter 18, that experiments with extracted chloroph.yn make the 
existence of two such chlorophyll modifications plausible but do not 
prove it. The main argument in favor of the alternative theory of eight 
identical photochemical reactions (beside the greater simplicity of this 
scheme) is the analogy which it enables to establish between the mechan- - 
isms of photosynthesis and chemosynthesis. . This appeals to our desire 
for a unified conception of all forms of organic synthesis, and receives 
support from the discovery * of. Gaffron .that photochemical - and non- 
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photochemiGal reduction of carbon dioxide can occur in the same organ- 
isms (anaerobically-adapted Scenedesmus and similar green algae). 

As to the second question, that of the direct participation of the 
reaction components in the primary photochemical process, the non- 
photochemical reduction of carbon dioxide in autotrophic bacteria and 
hydrogen-adapted algae constitutes a strong, even if indirect, argument 
against the association of carbon dioxide with the photochemical reaction ■ 
proper. One is tempted to attribute photosynthesis and chemosynthesis 
to a reaction of carbon dioxide with the same reducing agents, formed in 
one case by a photochemical reaction and in the other case by the catalytic 
oxidation of hydrogen, hydrogen sulfide, or another inorganic or organic 
reductant. 

Against this argument, one must weigh several observations which 
speak in favor of a closer association of carbon dioxide with the photo- 
chemical apparatus, and which caused Franck and Herzfeld to assume 
such an association in their scheme 7.VA. 

One such observation is the^ Ught-mduced liberation of carbon dioxide 
which occurs occasionally (c/. Emerson and Lewis, page 207) during the 
induction period of photosynthesis, and which may be attributed to a 
photochemical decomposition of the complex^ {CO 2 }, into acceptor and free 
carbon dioxide. However, Franck (1942), in a discussion of this ^^C 02 
gush,'' decided that it is caused, not by a direct photochemical interaction , 
between {CO 2 } and excited chlorophyll, but by back reactions of the 
first intermediate ({HCO 2 } in scheme 7.VA), in which so much energy 
is released that the regenerated complex, {CO 2 }, dissociates immediately 
into free acceptor and carbon dioxide. ** This mechanism does not require 
that {HCO 2 } be formed by a direct photochemical interaction of {CO 2 }. 
with chlorophyll, but can equally w.ell be fitted into a scheme in which 
the complex {CO 2 } is reduced by an intermediate reductant. 

A second argument in support of a photochemical interaction between 
chlorophyll and carbon dioxide is the relationship between the photosyn- 
thesis and chlorophyll fluorescence in vivo. This phenomenon will be dis- 
cussed in detail in volume II, chapters 24 and 32. The essential point is“^ 
that the yield of fluorescence sometimes increases at high light intensities 
and that, according to Franck, French, and Puck (1941), this occurs 
whenever the stationary concenfiration of the complexes, {CO 2 }, is de- 4 , 
pleted. The simplest explanation of the quenching effect, which the 
complex ICO 2 } apparently exercises on chlorophyll fluorescence, is the 
assumption of a direct photochemical interaction of this complex with 
excited chlorophyll molecules. 

However, in this case, too, an indirect interaction may suffice to 
produce the observed results. For example^ if chlorophyll reacts photo- 
chemically with an intermediate oxidant X, and the reduced intermediate 
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HX is: reoxidized by reaction with the complex, ICO 2 }, an exhaustion of 
{go's} may lead to an accumulation of reduced intermediates, HX, .and 
exhaustion of the quenching species, X. 

■ On the basis of all these considerations, without pretending to be 
able to give a final answer to the problem of the primary photochemical 
process in photosynthesis,. it seems that eight primary processes of the 
type assumed in scheme 7.VI, perhaps, with chlorophyll identified with 
the reductant, HZ {cf. Chapter 19, page 552), provides the best working 
hypothesis. 

■ ' Scheme 7.V, which contains two sets of different primary processes 
but leaves open the possibility of the same intermediate reductants 
occurring in photosynthesis and chemosynthesis, is our second choice, 
and would become the first one if the existence of two interconvertible 
green modifications of chlorophyll — one a photo-oxidant and one a 
photoreductant — ^would be definitely confirmed by experiments in vitro. 

8. The Primary Process in Bacteria and Adapted Algae 

In hydrogen-adapted algae and in bacteria, molecular hydrogen, hy- 
drogen sulfide, or other inorganic or organic hydrogen donors replace 
water in the role of the ultimate reductant in photos.yiithesis. Does this 
substitution mean a change in the primary photochemical process, or 
merely a different course of secondary catalytic reactions? 

Nakamura (1938), van Niel (1941), Franck and Gaffroii (1941), and 
Gaffron (1942) all suggested, for different reasons, that the substitute 
reductants do not participate in the primary photochemical process. 
One of van NieFs arguments was the observation {cf. page 110) that 
organic reductants are used up hj Spirillum nihrum at the same rate in 
the dark and in light. This indicates a preliminary enz^^matic transfor- 
mation of these reductants, e. g., hydrogen transfer to the hyclrogenase 
system (c/. Chapter 6, Eq. 6.6b), which they have to undergo both in 
respiration and in photoreduction. 

Since van Niel and Gaffron considered the oxidation of water as one 
(or even the only) primary photochemical reaction in ordinary photosyn- 
thesis (as in Scheme 7,11), the assumption that substitute reductants do 
not participate in the photochemical process led them to the logical con- 
elusion that, in bacterial photoreduction too, the primary photochemical 
process is the oxidation of water. The fact that purple bacteria do not 
evolve oxygen in light could then be lexplained in two ways. One hy- 
pothesis, suggested by Gaffron, was that the intermediate product of 
water oxidation, {OH}, can only be reduced in bacteria by substitute 
reductants — hydrogen, hydrogen sulfide, etc. — (and not by water), 
because these organisms contain an active hydrogenase system, but not 
the oxygen-liberating enzyme, Eq. The other hypothesis, proposed by 
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van Niel, was that the primary product obtained by the oxidation of 
water in bacteria, {OH}®, is somewhat different from that formed in 
green plants, {OH}^,^iid therefore incapable of conversion into oxygen. 
For example, the energy content of {OH}® could be insufficient for this 
conversion, perhaps because this product is formed with the help of 
infrared quanta, supplied by bacteriochlorophyll, which are about 30% 
smaller than the red quanta made available by ordinary chlorophyll. 
The difference between {OH}^ and {OH}® may be in the nature of the 
acceptor (symbolized by brackets), the simplest hypothesis being that 
this acceptor is the sensitizing pigment itself, that is, chlorophyll in 
green plants and bacteriochlorophyll in purple bacteria. 

If we accept van NieFs hypothesis, we must conclude that the 
mechanism of photoreduction is somewhat different in hydrogen-adapted 
algae and in purple bacteria. The former contain ordinary chlorophyll, 
apparently unaffected by the adaptation process; the primary oxidation 
product of water, {OH}^, is thus probably the same in the ordinary and 
in the adapted state, and the difference in the final stages of oxidation 
must be attributed to the activation of the hydrogenase system and the 
simultaneous inactivation of the oxygen-liberating enzyme, Eo, as 
suggested by Gaffron (cf. Chapter 6, page 134). The identity of the 
primary processes in adapted and ordinary green algae is supported by 
the observations of Rieke and Gaffron (1943) that the maximum quantum 
yield and the saturation rate in flashing light are the same in the photo- 
reduction by adapted algae as in the photosynthesis in the nonadapted 
state. In the case of purple bacteria, on the other hand, the primary 
oxidation product, { OH } ®, is naturally incapable of conversion into 
free oxygen; therefore, aerobic conditions may cause only a complete 
cessation of synthesis (if they lead to an oxidative deactivation of the 
hydrogenase) but cannot cause a transition to ordinary photosynthesis 
(with water as reductant), as this occurs in the “de-adaptation” of 
green algae. 

However, an even simpler description of the same facts becomes pos- 
sible if one assumes, as we have done above, that the primary photo- 
chemical process is the oxidation of an intermediate reductant, HZ, and 
that, in the course of normal photosynthesis, the oxidation product, 
Z, recovers hydrogen from water by a nonphotochemical reaction. In 
adapted algae, this recovery is blocked, and a reaction with a substitute 
reductant {e. g., H 2 ) is made possible by a characteristic transformation 
of the enzymatic system (activation of the hydrogenase, deactivation of 
the deoxidase)". This was the mechanism assumed in schemes' 6.1 and 
6.III. Ill purple bacteria, on the other hand, the primary reductant, 
HZ®, is different from the corresponding compound in green plants, HZ^, 
and its oxidation product, Z®, is incapable of oxidizing water, but capable 
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of : oxidizing the less '^substitute rediictaiits'' (H2, IhS, 820-—, 

etc.)* ' ' (Again, the simplest explanation of the difference bet'weeii and 
Z® is their identification with chlorophyll and bacterioclilorophyll respec- 
tively.) 

It may further be asked whether the primary oxidation product Z^ 
is the same in all purple bacteria, or whether it may further depend on 
the specific nature of the reductant (H2S, or 8203*^"", or H2, etc.). Was- 
sink, Katz, and Dorrestein ( 1939 ) noticed that, in the spectra of living 
purple bacteria, the single absorption band of free bacteriocliloroph}^! in 
the far red is replaced by several red and infrared bands whose pattern 
varies from species to species (Vol. II, Chapter 22), and suggested that 
each of these bands corresponds to a different bacterioclilorophyll-bearing 
complex adaptedito the reduction of a specific hydrogen donor. How- 
ever, this hypothesis disagrees with the assumption, made in chapter 6, 
that the hydrogenase system, even if it acquires hydrogen from different 
donors by means of specific "oxidoreductases,^^ transfers it to a common 
acceptor (designated by Ah in Chapter 6). This seems to leave no place 
for a specific photocatalyst between Ah wnd carbon dioxide. 
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Chapter 8 


NONPHOTOCHEMICAL PARTIAL PROCESS 
IN PHOTOSYNTHESIS 

I FIXATION OF CARBON DIOXIDE 

In the reaction schemes developed in chapter 7, the primary photo- 
chemical process was coupled with several nonphotochemical reactions. 
Since these reactions proceed at low temperatures, they probably require 
catalysts. Some of these undoubtedly are true enzymes, while others 
may be comparatively simple organic, or even inorganic, compounds. 

The realization that photosynthesis includes nonphotochemical re- 
action steps first came from kinetic studies. About 1905, Blackman had 
established that, under certain conditions, photosynthesis cannot be ac- 
celerated by further increase in light intensity, or carbon dioxide supply, 
but only by a raise in temperature; Willstatter and Stoll (1918) and War- 
burg (1919) interpreted this as evidence that photosynthesis includes a 
non-photochemical process (which they called Blackman reaction 
whose maximum rate is limited by the available quantity of an enz3TOe 
(VoL II, Chapter 28). Willstatter and Stoll suggested, more specifically, 
that the Blackman reaction may be the liberation of oxygen from perox- 
ides. Warburg thought at first that the Blackman reaction consists 
in a transformation of carbon dioxide preliminaiy to its participation in 
the photochemical reaction, but later agreed with the Willstatter-Stoll 
hypothesis because of the similarity which he found between the effects 
of poisons on photosynthesis and on catalase activity (c/. page 284). 
The assumption, which appeared natural at that time, of a single Black- 
man reaction'^ later led to various diflSiculties. Suggestions that there 
may be several “Blackman reactions” were made repeatedly, but without 
much conviction, until Franck postulated, on the basis of an analysis of 
various kinetic data, that photosynthesis must include (at least) three 
different catalytic reactions. In addition to the preliminary transfor- 
mation of carbon dioxide (first postulated by Warburg), and the peroxide 
decomposition (first suggested by Willstatter and Stoll), Franck assumed 
a third catalytic reaction, the stabilization of the primary photochemical 
products, which prevents their destruction by back reactions. He made 
no suggestion as to the chemical nature of this reaction, but our discus- 
sions in chapter 7, would indicate that it may possibly be a dismutation, 

172 


CARBON BIOXIDE-WATER EQUILIBRIUM 


173 


which converts free radicals into saturated molecules. Franck designated 
the catalysts involved in these three reactions as “catalyst (probably 
a “carboxylase”)? ''catalyst B” (the “stabilizing” catalyst, perhaps a 
“miitase”) and “catalyst C” - (possibly a “catalase”); we have desig- 
nated them, in chapters 6 and 7, as Ea, Eb and Ec, respectively. These 
three catalysts are only a minimum; and the actual number of nonphoto- 
chemical reactions in photosynthesis may be larger than three. The 
evolution of oxygen, for example, may require two successive catalytic 
reactions (c/. Schemes 6.1, etc.), while the reduction and polymerization of 
the carbon dioxide-acceptor complex, {CO 2 }, to glucose, probably involves 
a whole series of oxidoreductions, dismutations, and polymerizations, 
requiring a complex catalytic system of which Franck^s “catalyst B” 
may be only the first component. 

This and the next four chapters will deal with these catalytic proc- 
esses. We begin with the primary carbon dioxide fixation, represented 
in chapter 7 by the formula: CO 2 > {CO 2 }. 

Evidence pertaining to the nature of the carbon dioxide-acceptor 
complex in photosynthesis includes kinetic observations, experiments on 
carbon dioxide absorption by plants in the dark, carbon dioxide fixation 
by bacteria and other heterotrophic organisms, and the binding of carbon 
dioxide by different absorbers in vitro. 

A. The Carbon Dioxide Fixation in vitro * 

1. The Carbon Dioxide-Water Equilibrium 

The primary absorber of carbon dioxide in all organisms is water, 
which forms 70-80% of the average tissue. The absorption of carbon 
dioxide by water is partly physical solution, partly chemical hydration, 
determined by the constants of the following equilibria: 

( 8 . 1 ) C 02 (g.) v========^ COaCaq.) H 2 CO 3 

H+ + HCOr 2 H+ 4- COy- 

The indices refer to solubility (S), hydration (H 2 O), first ionic dissociation 
(Di), and second ionic dissociation {Df). The equilibrium may be 
further affected by cations whose carbonates have a small solubility 
product, for example, Ca"^ or Mg‘*'+. 

At a given and temperature, the equilibrium concentrations of all molecular 
species of carbonic acid (CO2, H2CO3, HCGr, and CO 3 — ) are determined by that of 
any one of them, and thus indirectly by the partial pressure of carbon dioxide in the at- 
mosphere, or by the presence of a solid carbonate. If the pH is allowed to adjust itself, 
two parameters can be chosen, e. g., the concentrations [COs — ] and [HCOrH. 

The solubility constant a' (the so-called Ostwald’s distribution coeiBSeient) of 

* Bibliography, page 209. 
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carbon .dioxide -is not identical with Ks in (8.1); because in its determination all the 
molecular species in solution are lumped together as 'dissolved carbon dioxide.’^ How- 
ever, a' is not appreciably different from Kb in acid solutions (pH <4.5), where the 
concentrations fHCOs"] and [COs”'*"! are negligible (c/. Table 8.01). 

Table 8.1 show^s the solubility of carbon dioxide in water at different temperatures. 
In .addition to Ostwald’s distribution coefficients, a', the table contains the .Bunsen 
solubility coefficients, the volumes of gas, reduced to 0® C., dissolved In unit volume 
of water at t° C. The relation between the two constants is: a — a' {1 + 0.00367 1). 

Table 8.1 


Carbon Dioxide Solubility in Water (Bohr 1899) 


t°C. 

a 

a' 

AF 

kcal/mole 

0 

1.713 

L71 

-0,291 

5 

1.424 

1.45 

-0.205 

10 

1.194 

1.24 

-0.121 

15 

1.019 

LOS 

-0.043 

20 I 

0.878 

0.94 

+0.036 

25 

0.759 

0.83 

+0.110 

30 I 

0.665 

0.74 

+0.181 

35 1 

0.592 

0.67 

+0.245 

40 

0.530 

0.61 

+0.308 


AHs = — 4.2 kcal/mole (25® C.) 


Using the values Ks — 0.827, DhsO (dissociation constant of water) =» 1.04 X 10”^^ 
and Kdi - 4.54 X 10“*^ for the calculation of CH"^] and [HCO.r3, and neglecting the 
species H 2 COJ and CDs because of the small values of the constants i^iiaO and Kjy^ 
(see below), one obtains the compositions of carbon dioxide solutions (at 25® C.) given 
in table 8.11. 

Table 8.II 


Distribution OF Carbon Dioxide between Air and Distilled Water at 25® C. 
(calculated with Ks = 0.827 and Kbi = 4.54 X 10“"^) 



[CO 2 I , mole/liter 

[HC03"|, 

fil+l & 

atm. 

Gas« 

Solution 

moie/i. 

pH 

10-fi 

4.07X10-7 

3.37 X 10-7 

3.78 X 10'“7 

6.42 

10-^ 

4.07 X 10-8 

3.37 X 10-8 

1.24 X 10“8,,- 1 

5.91 

^ 3.1 X 10“^ 

1.26 X 10"8 

0.94 X 10-8 

2.07 X 10-8 , 1 

5.68 

10-3 

4.07 X 10 -“ 

3.37 X 10-s 

3.92 X 10-8 

5.41 

1 10-2 

4.07 X 10-^ 

3.37 X 10-< 

1,24 X 10-8 

4.91 

; 10 -^ ! 

4.07 X 10-s 

3.37 X 10-3 

3.92 X 10“"^ ' 

, 4.41 , 

1 

4.07 X 10-2 

3.37 X 10-2 

1.24 X 10"L 1 

' " . 3J1 ' 


« Assuming ideal gas laws. 

^ C/. Quinn and Jones (1936), p. 119. 

« Normal carbon dioxide content of free atmospbere. 
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The table shows that, in very dilute carbon dioxide solutions, the concentration of 
bicarbonate ions is close to that of carbon dioxide molecules; in distilled water equi- 
librated with the atmosphere the ratio CCO 2 ] : CHCO 3 -I! is approximately 5:1. 

The constant of the hydration equilibrium: 

(8.2) Kmo = CH 2 COJ/CCO 2 ] 

is not known precisely, but can be calculated approximately from the rate constants of 
hydration {kn) and dehydration 

(8.3) = kjilk'B. 

McBain noticed, in 1912, that the hydration of carbon dioxide is a comparatively slow- 
process. Thiel and Strohecker (1914) and Strohecker (1916) measured its rate in the 
alkaline region. More recently, Faurhoit (1924), Stadie and O^Brien (1933), and 
Brinkman, Margaria and Roughton (1933) determined fen anddc'ij over a wide range 
of hydrogen-ion concentrations. 


Table 8.III 


Hybbation and Dehydration op Carbon Dioxide® 


1 

sec“i 

aec~i 

Xh20 

AH of hydration, 
kcal/mole 

0° 

2.67 (F)^ 

1.70 (BMR)^ 

1.4 (SO)^ 

0.0030 (F)‘ 

0.0026 (BMR)‘ 
0.0027 (SO)^ 
0.0027 (MU)* 
0.0021 (EB) 
0.0021 (MU) 

0.0012 

0.0015 

2.80 (R) 

18“ 

16.4 (F)^' 

11.1 (BNR)» 

14 (R)^ 

0.025 (F)* 

0.024 (BMR)* 

0.0016 

0.0022 

^ 1.40 (R) 

25“ 


0.0275 (MU) 



27° 

31 (R)^ 



i 1.05 (R) 

37“ 

77 (R)& 



0.38 (R) 

38“ 


0.23 (F)*' 

0.26 (BMR)^ 

0.10 (MU) 

i 



oF — Faurliolt (1924); BMR — Brinkman, Margaria and Roughton (1933); SO — Stadie and O'Brien 
(1933) ; RB— Roughton and Booth (1938) ; R— Roughton (1940); MU— Mills and Urey (1940). 

Buffered solutions! 


The hydration occurs, in addition to the reaction: 

(8.4) CO 2 + H 2 O H 2 COS (equilibrium constant, K^to) 

also through the bicarbonate ion: 

(8.5) CO 2 + OH- 


HCOs*" (equilibrium constant, E^ofi) 
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Eeactions (8.4) and. (8.5) can be interpreted as additions of HOH and OH** respectively 
to a C=0 double bond in CO 2 . 

According to Olsen and Joule (1940), the activation energy of reaction (8.4) is 
19 kcal, and that of reaction (8.5) between 10 and 13 kcal. 

In the pH range of 8-10, the rates of the two reactions (8.4) and (S.5), are of the 
'same order of magnitude. At pH > 8, the pH»independe.iit reaction (8.4) predomi- 
nates, while at pH > 10, hydration and dehydration occur practically excliis.ively by 
reaction (8.5). At pH > 8, and 18° C., a dissolved carbon dioxide molecule lives, on 
the average, about one minute before it is hydrated, but remains only about 0.1 second 
in the hydrated state. Hydration and dehydration are accelerated by the anions of 
many weak acids, e. g. phosphate, borate, and acetate (Roughton and Booth 1938). 
This is of importance whenever buffers are used. Particularly strong is the effect of a 
specific enzyme, carhomc anhydrase, found in red blood corpuscles Meldriim and 
Roughton (1932) : c/. the reviews by Roughton 1934, 1935. 

Further results on the rate of hydration of carbon dioxide were obtained by j\lills 
and Urey (1939, 1940) by the use of isotopic indicators. Their results are summarized 
in table 8.III. 

The apparent first dissociation constant of carbonic acid was redetermined by 
Macinnes and Belcher (1933), who found: 


( 8 . 6 ) 




CH^3[HGQr] 

[CO 2 ] -f [HsCOJ ■ 


^ 4,54 X 10-*^ (25° C.) 


Kauko and Carlberg (1936) obtained a smaller value, 3,50 X The true 

dissociation constant is considerably larger: 


. 07 ^ p, [H+3 CHCO 3 -] + 

- “Tiscoir" “ ^ 

The equilibrium constant of reaction (8.5) is: 


LS X 10**^ (25° C.) 


(8.7a) 


Kqb. 


CHCOa**] __ Ku, 


CC021COH-] CmCOH-]' 


4,4 X 10^ (25° C.) 


Thus, the standard free energies of hydration of CO 2 molecules are: 

AFh 20 = 4- 3.7 kcai/mole (18° C.) 
for the hydration to H 2 C 03 molecules, and: 

AhFqh = — 10.4 kcal/mole (25° C). 

for the association with hydroxyl ions to HCOs- ions. The second dissociation coiisiani 
of carbonic acid (according to Macinnes and Belcher) is: 


( 8 . 8 ) 


CCOalCH-^] 




A knowledge of the equaibrium constants Ks, Xhjo, X'dj and Kb. 
permits the calculation of the equilibrium concentrations of all the 
molecular species in carbonic acid solutions (c/. Tables 8.IV and 8.V), 
Table 8.IV and figure 17 show the composition of carbonic acid solutions 
at 0° C. according to Faurholt (1924), based on the following values oi 
the dissociation constants: 

Koi = 2.24 X 10-' and Ktn = 3.2 X 10'" (0° C.) 
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Table 8JV 


Equilibrium Concentrations in Carbonic Acid Solutions at 0® C. 
(prom Faurholt 1924 ) 


pH 

0 

0 

HCO3 -. % 

CO 3 -, % 

0 

99.888 



1 

99.888 



2 

99.886 

0.0022 


3 

99.886 

0.022 


4 

99.664 

0.224 


5 

97.70 

2.19 


6 

81.60 

18.3 


7 

30.81 

69.1 

0.022 

8 

4.25 

95.4 

0.302 

9 

0.43 

96.5 

3.05 

10 

0.034 

76.0 

24.0 

11 

0.0011 

24,0 

76.0 

12 


3.07 

96.9 


Table 8.V shows the concentration of the species CO 2 in the carbonate- 
bicarbonate buffer mixtures, which were first used in the study of photo- 
synthesis by Warburg (1919), and found many applications, particularly 



pH 


Fig . 17 . — ^Distribution of carbonic acid between 
CO 2 , HCOg" and CO3 as a function of pH (0° C., ionic 
strength 0) (after Faurholt 19242). 

in kinetic investigations. The presence of a large quantity of bicarbonate 
ions has the effect of stabilizing the concentration of the carbon dioxide 
molecules and thus preventing a local exhaustion of carbon dioxide dur- 
ing intense photosynthesis. 
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Sucli exhaustion effects — caused by the slow diffusion of carbon 
dioxide through water — can falsify the results of kinetic studies; the use 
of carbonate buffer solutions prevents these errors. Warburg’s buffer 
No. 6 (Table S.V) contains, for example, 5800 HGOs” ions (and an 
equal number of CO3 — ions) for each CO2 molecule. One can withdraw 
10~® moles of CO2 from a hter of this solution, that is, 120 times more 
than its initial content in CO2 molecules — and the concentration of CO2 
molecules will not change by more than 12% (from the initial 8.7 X 10~® 
moles/I. to 7.8 X 10“® moIes/1.). 

Table S.V 


Caebonate-Bicaebonatb Bcffbb Solutions® 


Buffer 

no . 

i 

Moles/iiter j 

(00,1 

niolG.s liter 

X (25® C.) 

[KsCOs] 

[KHCOs] ^ 

1 

0.085 

0.015 

1 0.481 

2 

0.080 

.020 

0.902 

3 

.075 

.025 

1.49 

4 

0.070 

.030 ! 

2.29 

6 

.060 

.040 1 

4.48 

6^ i 

.050 

.050 

8.67^ 

7 

.035 

.065 

20.5 

8' 1 

.025 

.025 

37.5 

9 

.016 

.085 

78.7 

10 

.010 

.090 

131. 

11 

.005 

.095 

290. 


“Warburg (1919), recalculated by Smith (1937), using the dissociation constants of Macinnes and 
Belcher. 

* This biiffer is closest to the concentration of carbon dioxide in pure water equilibrated with the 
free atmosphere. 


Other carbonate-bicarbonate buffer mixtures are listed in Koltboff^s book (1937), 
p. 269. 

Warburg's buffers are strongly alkaline (pH 8.5 to 11) and therefore 
^^unphysiological,” which calls for a certain caution in their use (cf. 
VoL Ily Chapter 27). Pure bicarbonate solutions have, at 25° C., in the 
concentration range of 0.001 to 0.1 mole per liter, an approximately con- 
stant pH of 8.37 (Kolthoff 1937, p. 21), and therefore also an approxi- 
mately constant ratio CHCOs“]/[C02] = 90. 

The solubility of carbon dioxide in water is enhanced by the presence of solid 
alkaline earth carbonates. Investigators have usually been concerned with another 
aspect of this phenomenon — 'the dissolving action of carbonated water on solid carbonates 
^because this effect has great practical importance. According to the equations : 
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(8.9a),. MgCOa (or CaCOO =F=========^ 

(8.9b) COr- + COa + HqQ ^========^ 2 HCOg- 

(8.9) MgCOs (or CaCOs) + CO 2 + H 2 O Mg++ (or Ca++) -f 2 HCOs- 

the dissolution of one mole of alkaline earth carbonate is coupled with the absorption, 
of one mole carbon dioxide from the air. The equilibrium (8.9) has been studied by 
Tillmans and Heiiblein (1912), Auerbach (1912), Tillmans (1919, 1921), Johnston and 
Williamson (1916), Frear and Johnston (1929), and Kline (1929). Table 8. VI contains 
some results. 


Table 8.VI 


Solubility of CO 2 in Peesenge of Alkaline Earth Carbonates at 25° C, 


■^COa, 

atm. 

{HCO3-J in (moleA.) X 10^ 

Without solid 
carbonates ! 

In presence 
of CaCOs 

In presence of 
MgCOs 

3.1 X 10“^ 

0.0021 

1.02 

12 

1 X 

0.0039 

1.54 

16 

1 X 10”2 

0.0124 

3.4 

26 

1 X 10-1 

0.0392 

7.8 

60 

1 

0.124 

18.0 

215 


The ^^natuz-aP' concentration of bicarbonate ions in solution is 
increased by the presence of calcium carbonate, by a factor of 500 in 
air, and a factor of 140 in pure carbon dioxide. The effect of magnesium 
carbonate is ten times stronger. One-half of this bicarbonate comes 
from the solid salt and the other half fi’om the atmosphere. 

The solubility of carbon dioxide in water is decreased by the presence 
of electrolytes (salting-out effect). For salt concentrations found in 
plant saps 10~“^ mole/liter), this depression may be of the order of 
5-10% (c/. Quinn and Jones 1936, pp. 97 and 102). 


2. Carbon Dioxide Absorption by Alcohols 

Plants contain, in addition to aqueous phases (cell sap and cytoplasm), phases of a 
predominantly lipoid” character. Chloroplasts, in particular, are rich in lipoids. 
The carbon dioxide distribution between atmosphere and plant cells can therefore be 
affected by the solubility of carbon dioxide in lipoids. In general, carbon dioxide is 
more soluble in organic solvents, than in 'water — 3 times more soluble in toluene and 
benzene, 3.5 times more in ethanol, and 7.5 times more in acetone. In true lipids, 
the solubility may -v^^ell be even higher. 

The physical” solution of carbon dioxide in organic solvents is often enhanced 
by chemical reactions, analogous to hydration. As in water, the effect of chemical 
solvation is small in pure solvents, but becomes large when occasion is given for the 
formation of anions, analogous to the bicarbonate ions in water. 

In the ease of alcohols, for example, the molecular solvation equilibrium 
(8.10) OC=0 + ROE QC— OH 
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which leads to carbonic acid esters, is overshadowed in the presence of alcoholateSj by 
the ionic equilibrium 

(8.11) OC=-0 + RO~ ;f===^ 

(!)r 

which is analogous to reaction (8.5) in water. Faurholt (1927) estimatedj for example, 
that the two carbon dioxide methanolation constants are (at 0 ® C.): 

(8.12) Keoh = " - 0-01; -^^Froh = + 2.7 kea! 

(as against Ku^o ^ 0.001 in water), and 

(8.13) Kuo = = 2 x 10'; aFqr = - 9-3 kcal 

(the corresponding value for water is ivoH = 4 X 10*^) 

Since the dissociation of methanol is much weaker than that of water 
([RO'"]CH‘‘*] — lO"*^^), neither (8.10) nor ( 8 . 11 ) can contribute more than one per cent 
to the solubility of carbon dioxide in pure methanol; but in sodium alcoholate solutions, 
with their high concentration of RO"* ions, carbon dioxide is eagerly absorbed with the 
formation of RCOs*" ions. 

Qualitatively, the absorption of carbon dioxide by alcohols in the presence of alkali 
was known for a long time. It was studied by Siegfried and Howwjanz (1909), who 
observed the absorption of 0.2 to 1 mole of carbon dioxide by one mole of methanol, 
ethanol, glycol, glycerol, erythrol, quercitol, lactose, sucrose, and lactic acid, in the 
presence of calcium hydroxyde. In aqueous alcohol, carbon dioxide becomes an object 
of competition between water and alcohol. The resulting equilibria have been studied 
by Faurholt (1927^'^-^) and Faurholt and Jespersen (1933), for methanol, ethanol, 
propanol and sucrose. They found that the contribution of alcohols to the absorption 
of carbon dioxide in alcohol-water mixtures is comparatively small and disappears on 
both side of the “bicarbonate range (pH around 8.4) because of the decomposition of 
the carbonic acid esters (into CO 2 and alcohol on the acid side, and into GO 3 and 
alcohol on the alkaline side of this range). The ratio; 



is 0.083 for methanol, 0.044 for ethanol (at 0 ° C.), and even smaller for sucrose. Con- 
sequently, the proportion of carbon dioxide bound to alkyl in a molar methanol solution 
is only 7.4% at pH 8-9. 

Without reference to FaurholVs quantitative results, Baur and Naniek (1940) 
made some rough qualitative observations concerning the carbon dioxide absorption by 
alcohols. In addition to the rapid gas uptake by dissolution, they noticed a slow 
absorption which they attributed to esterification. For the extent of this chemical 
binding, they gave values between 18 ml. of carbon dioxide per mole of ethanol 
(8 X 10 "'^ mole/L) which is many times more than one would expect from FaurhoWs 
equilibrium constants, and 470 ml, (().02 mole /I.) per mole of phytoL Since phytol is a 
component of chlorophyll, Baur considered this result as significant for the carbon dioxide 
fixation in photosynthesis. 


CARBON DIOXIDE ABSORPTION BT AMINES ISl 

3. Carbon Dioxide Absorption by Amines 

Carbon dioxide addition to N — bonds is similar to its addition, to 0 — H boods 
in HOH and ROH, except that the basicity of the amines may lead to the format. ion 
of carbamates (by the addition of a second molecule of amine to the primaxy f orroed 
carhamic acids), for example: 

(8,15a) 0C=0 + RNH 2 > OC—OH (R-carbamic acid) 

iIhe 

(8.15b) RNH— COOH + ENH 2 >RNH— COORH,R > 

RNH— COO- + ENE,^- (E-carbamate) 

(8.15) 0C=0 -I- 2 RNHa > RNH— COQ- -(- RNHs+ 

Faurholt (1921, 1922, 1924, 1925) investigated these equilibria in aqueous soluticDns^ 
and found for the ratio: 


( 8 . 16 ) 


^ [RNHC02*“1 

HTnhk/oh - [HCOr3 


values of about 2 for ammonia, 165 for methylamine, 46 for dime thy lam ine and 325 foir 
glycine, that is, considerably larger than the corresponding ratios for alcohols. BEow— 
ever, because of the basicity of the amines, the RNHz molecules coristifcute (ej«cep»tin 
very alkaline solutions) only a small proportion of the dissolved amine (roost of it 1 > eing 
present as RNHa"^ ions, which have no affinity for carbon dioxide). Thtis restricts th<e 
contribution of amines to the carbon dioxide absorption by aqueous solutions. ZNefcher- 
theiess, in a one-molar solution of methylamine, at 18® C. (pH 8.9), 6 L ^0 oftkiea.hsozrbecd 
carbon dioxide is present in the form of carbamate while 39% is present as H<10 3 " o r 
CO 3 — ions. In less alkaline solutions, the extent of carbamination is nnch smalleir; 
solid carbamates decompose in pure water. 

Siegfried (1905^' 2 ), Siegfried and Neumann (1908) and Siegfried and ILiehoerncianin 
(1908) have studied qualitatively the formation of carbamates in aqueous solotioKis of 
amines, amino acids, peptones, and proteins, in the presence of alkali {calciuiu hycdroxiydes) 
and Fichter and Becker (1911) have observed the formation of caibainat 3 e from gaseoois 
methyl amine and carbon dioxide at low temperatures. According to Siegfried , time 
proximity of an oxidized group (e. g., carboxyl) favors the addition of carbon. dioxicXe 
to the amino group; thus, amino acids absorb carbon dioxide more eagerly* tk.aii 
amines. Siegfried suggested that the fixation of carbon dioxide by amino acids may loe 
of importance for photosynthesis. He claimed (1905^) that thds reaction canocscur evesn 
in absence of alkali. However, this conclusion, based on measurements of the? incrrease 
In the conductivity of glycocoll solutions by saturation with carbon dioxide, recquir«cs 
confirmation. 

The carbamination equilibria of simple amino acids were again investigated hoy 
Stadie and O^Brien (1936) . They confirmed the fact that the dipolar ions - RCOO ", 
which predominate near the isoelectric point, do not unite with carboo dicxicdeatall; 
this association is restricted to the anions NH 2 *BCOO“, which predominate om tlie 
alkaline side of the isoelectric point. The equilibrium: 

( 8 . 17 ) NH 2 RCOO- ■+ CO 2 ^======^ 


^HN 




E€0O- 




COO- 


HOOQ-NH-RCOO- 


4E+ 
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is estabiisbed so rapidly .that it can be studied, in aqueous solution, mdthciiit interference 
from the side of the more slowly established hydration eciiiilibriiim. The constants 


(8.18) 


it Carbarn, 


NH 


/ 


COO- 


RCOO- 


CH^-] 


[HsKRCOO-] [GOa] 


of alanine and glycine are, according to Stadie .and O'^Brien, of the order of 2.5 X 10-^ 
at 20° C. Consequently, half-saturation of these amino acids with carbon dioxide is 
reached at [CO 2 ] = 4 X 10”® mole per liter (1 e., at a partial pressure of 90 mm.) 
if pH = 8, and at a ten times smaller pressure, if the pH is 9. 

Carbamination is of particular importance for the carbon dioxide transportation by 
blood. The entire absorption of carbon dioxide by blood was attributed, imtil 1928, 
to the carbonate-bicarbonate interconversion, although Bohr had postulated the 
existence of a hemoglobin-carbon dioxide compoimd in 1905, and Siegfried had demon- 
strated in the same year the formation of carbamates in blood serimi. Kinetic studies 
by Henriquez (1928, 1931), Margaria and Green (1933), and Meldmm and Roiighton 
(1933) have proved since that an important proportion of carbon dioxide is present in 
the form of carbamate. The carbamination of blood was discussed quantitatively also 
by Roiighton (1935) and Stadie and O’Brien (1937). 

Despite the presence of carbonic anhydrase in blood, the carbamination equilibrium 
can be studied, independently from the hydration equilibrium, by poisoning this enzyme 
with cyanide (0.05-0.1 moie/l.). At 0®, with poisoned enzyme, the half-saturation of 
oxyhemoglobin is reached at about 10 mm. carbon dioxide in the air, and that of reduced 
hemoglobin at about 30 mm. The heat of carbamination is considerable, about 17 kcal 
per mole. Table 8.VII illustrates the role which carbamination plays in the carbon 
dioxide balance of blood. 


Table S.VII 

Bicakbonatbs and Carbamates in Blood 


Component 

Arterial 

Venous 

Plasma 

CeUs 

Plasm.a ' 

Cells 

pH I 

7,45 

7.12 

7.43 

7.11' 

CO 2 (free), ml /I. 

16 

8 

18 

9 

CO 2 as HCOa"*, ml/L ; 

331 

98 

352 

105 

CO 2 as carbamate, ml/L 

10 

20 

^ . 11 

,26 


Up to 20% of carbon dioxide in red blood cells is present as carbamate, and 45% 
of the difference between the carbon dioxide content of these ceils in venous and arterial 
blood is caused by a shift of the carbamination equilibrium. 

The possible role of amino acids in the carbon dioxide absorption by plants will be 
mentioned on pages 191 and 194. We must, at this point, cite a case of carbamination 
which may conceivably be of importance for photosynthesis. For C— H bonds, the 
substitution of a metal for hydrogen makes the affinity for carbon dioxide stronger, as 
shown by the eager carboxylation of Grignard’s reagente and other metalloorganic 
compounds. Is it possible for nitrogen-metal bonds also to be more efficient carbon 
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dioxide acceptors than the nitrogen-hydrogen bonds? In other words, may we expect 
the reaction: 

(g_]i9) OC==0 + R==N — M > OC — NR 

<!)m 

where M = metal, to proceed more easily and completely than reaction (8.15a)? 

The importance of this question lies in the fact that chlorophyll contains two 
nitrogen-magnesium bonds. The interaction of carbon dioxide with chlorophyll in 
vitro will be discussed in chapter 16. One mole of solid or colloidal chlorophyll ap- 
parently can absorb up to two moles of carbon dioxide. In interpreting this uptake 
(page 454), we shall have to consider a reaction of type (8.19) as one possibility. 

4. Carboxyiation Equilibria 

The reaction which has aroused most interest in connection with the 
primary carbon dioxide fixation in photosynthesis is carboxyiation. It 
can be interpreted as an addition of an organic compound RH to the 
C=0 double bonds in carbon dioxide; in other words, the C— H bond 
plays in carboxyiation the same part w?'hich the N H bond plays in 
carbamination and the 0— H bond in the hydration of carbon dioxide. 


( 8 . 20 ) 


OC -0 d* RH ■ 


->OC 




OH 


\ 


R 


Respiration ends with the elimination of carbon dioxide by decarboxylation 
of certain keto acids. Since photosynthesis is the reversal of respiration, 
one is tempted to consider the reversal of this last step in respiration as 
a possible first step in photosynthesis (Thimann 1938). 

However, the analogy between the role of decarboxylation in respi- 
ration and the role of a preliminary carboxyiation in photosynthesis is 
not quite so close as it may appear. In the respiratory process, decar- 
boxylation is a step in the breakdown of the sugar molecule. Carboxyia- 
tion would play a corresponding role in photosynthesis only if carbon 
dioxide were added to an intermediate reduction product, and not to a 
catalyst which must be restored at the end of the reaction. The car- 
boxyiation of chlorophyll or another temporary carrier may be useful for 
kinetic purposes, but it does not constitute a first step in the building up 
of a carbon chain. 

Carboxylations and decarboxylations do not change the average 
reduction level of the reacting system and hence have only relatively 
small heat effects (c/. page 216). Table 8. VIII shows that decarboxyla- 
tions usually are slightly endo thermal (AH > 0). , If decarboxylation 
leads to the disruption of a conjugation between the C=0 double bond 
in the carboxyl and another C=0 double bond in the molecule (as in 
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pyruvic and oxalic acid) the energy is not markedly different; but conju- 
gation with a C=C double bond apparently has a stabilizing effect, 
since the decarboxylation energy of benzoic and fumaric acid is as high 
as 16—17 kcal. 

Table 8.VIII 

Heat and Pbee Energy op Decakboxtl.ation“ 


Acid 


Formic 

Acetic 

Maionic 

Hexylic 


Pyruvic 

Oxalic 


Acrylic 

Fumaric 

Benzoic 

Salicylic 

Gallic 


I. 


No 


Reaction 


CONJUGATION 


AH 


f HCOOHd) ^H2(g.) -f C02(g.) 

\ H+ + HCOO-(aqO ^ H^Cg.) + COsCaq.) 

! HoO + HCOO~(aq.) ^ lUg.) -f HCOa-Caq.) 

j CHsCOOHd) > CH4(g.) 4- COaCg.) 

{ H 2 O + CHaCOO'-Caq.) > CH^Cg.) + 

[ HC 03 “(aq.) 

CH2(COOH)2(s.) >CH3C00H(1) 4- CO 2 

C6HuCOOH(s.) > CcHna.) 4- CO 2 


4 " 5.5 
4 " 5.7 
4 - 3.6 
4 * 5.0 

4 - 3.3 
4 - 2.2 
4 ’ 5.3 


— C=0 


II. Conjugation 


—0=0 


CPIsCOCOOHd) > CHaCHO(l.) 4- CO-iCg.) 

H 2 O + CH3C0C00'-(aq.) ^ 

CHiCHOCaq.) 4- HCOr(aq.) 

HOOC— COOH(s.) > HCOOHCl.) 4- 

C02(g.) 

HOOC— COOH(s.) > Ihig.) 4- 2 CO 2 

2 H 2 O 4- “OOC-COO- > H.>(g.) 4* 

2 HCOr(aq.) 


4 - 1.4 ( 

~ l.S ( 

+ 3.1 
4 * 8.6 


III. Conjugation =C — C==0 


CH2=CH-~C00H(s.) > C2H4(g.) 4- COsCg.) 

HOOC— CH=CH— COOH(s.) > 

CH2=CH~C00H(s.) 4- C02(g.) 

CeHsCOOHCs.) ^ C(iH6(L) 4- COaCg.) 

C6H4(OH)COOH(s.) — > CfiHsOHCs.) 4- 

C02(g.) 

C6H2(OH)3COOH(s.) ^ C6H3(OH)3(s.) 4- 

C02(g.) 


4 - 9.1 

4 - 16.6 

4-16 

4 - 9.1 

4 - 5.0 


« Cf, bibliography to chapter 3, page 56. 


AP 


- 8.9 
- 11.5 
0.8 

- 11.8 


- 5.9 


- 15 . 2 ) 
- 2 , 9 ) 


- 13.4 

- 22.3 

- 8.8 


- 4,6 

- 3.3 


The free energies of decarboxylations of pure (solid or liquid) organic 
acids are more negative (by as much as 10 or 15 kcal) than the total 
energies of these reactions, and thus do not favor back reactions. The 
AF values are negative even for benzoic and salicylic acid, despite their 
stabilization by conjugation. This explains why attempts of Widmer 
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(1929) and Hirsbrumier (1934) to reverse the decarboxylation of salicylic, 
gallic, and pMoroglucin-carboxylic acid have been unsuccessful. 

In alkaline solutions, where carbonic acid is present in the form of 
anions, the carboxylation reaction becomes: 

(8.21) HCOr -f KH > ECOO- + H 2 O 

The free energy of reaction (8.21) is considerably less positive than that 
of reaction (8.20), because carbonic acid is weaker than most carboxylic 
acids. This explains why the decarboxylation of formic acid in alkaline 
solution is reversible. This reversibility was demonstrated by experi- 
ments with biological catalysts {Escherichia coli, cf. page 208). However, 
with acids much weaker than formic acid (for example, acetic acid), 
not even the substitution of bicarbonate ions for carbon dioxide molecules 
will suffice to make carboxylation thermodynamically possible at low 
temperatures and low partial pressures of carbon dioxide. 

Aromatic compounds (benzene, phenol, polyphenols) as well as 
noncyclic, unsatiirated compounds, whose free energies of carboxylation 
in the acid range are less positive than those of the saturated aliphatic 
compounds, can be expected to show negative free energies of carboxyla- 
tion in alkaline media. It is well known that phenols can be carbox 3 dated, 
in the presence of alkali, at comparatively low temperatures (100'-200'^ C.) 
and low carbon dioxide pressures. (The usual method of preparation 
of salicylic acid is by carboxylation of phenolate.) Ruben and Kamen 
(1940) suggested that the presence in plants of polyphenols (of the type 
of tannin and quercetin) may be of importance for the fixation of carbon 
dioxide. However, it still remains to be demonstrated that carboxyla- 
tions of this type can occur at the comparatively low pH values prevailing 
in plant cells. 

In respiration, the elimination of carbon dioxide involves the decar- 
boxylation of two a-keto acids, oxalacetic and pyruvic: 

( 8 . 22 ) HOOC— CH 2 — CO— COOH > CH 3 — CO— COOH -+• CO 2 

(8.23) CH 3 CO— COOH > CH 3 — CHO + CO 2 

According to table 8. VIII, the decarboxylation of pyruvic acid is not 
easily reversible (AF = — 15 kcal), not even in alkaline solution 
(AF = — 3 kcal). Carson, Ruben, Kamen, and Foster (1941) tried mi- 
sucoessfully to prove, by the use of radioactive carbon dioxide, the rever- 
sion of this reaction in enzymatic S3^stems. 

No data are available in standard compilations on the thermochemical 
properties of oxalacetic acid. However, the decarboxylation of this acid 
was studied by means of radioactive indicators by Carson, Foster, 
Ruben, and Barker (1941), Wood, Workman, Hemingway, and Nier 
(1940, 1941), Krampitz and Workman (1941), and Krampitz, Wood, and 
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Werkman (1943) and good evidence of reversibility obtained. Werkman 
and coworkers found, for example, that if iionradioactive oxalacetic acid 
is allowed to lose by enzymatic action in an atmosphere of radioactive 
.carbon dioxide about one-half its carbon dioxide content, and the remain-, 
ing portion is analyzed for radioactmty, a measurable quantity of active 
.carbon is found in the acid (in the carboxyl adjoining the CH2 group).' 
It, thus s,eems that, in the case of oxalacetic acid, the equilibrium lies, 
further on the side of carboxylation than it does in other organic acids. 
It would be interesting to check this conclusion directly by the car- 
boxylation of pyruvates. 


Baur and Namek (1940) suggested that the carboxylation equilibrium can be 
shifted towards association not only by the formation of salts (as discussed above) but 
also by the formation of esters: 

(8.24) 0C==0 4“ R'OH + ^ R'^COOR' + H 2 O 

Experiments, by which the occurrence of reaction (8.24) was allegedly proved, consisted 
in determining the effect of phloroglucinol, C 6 H 3 (OIi) 3 , and of rosolic acid (both rep- 
resenting R"H) on the carbon dioxide absorption by glycerol (representing R'OH). 
A certain increase in absorption was observed in the case of phloroglucinol, but no 
glycerate of the phioroglucinol-carboxylic acid, C 6 H 2 (OH)sCOOH, could be isolated. 
The addition of 0.7 g. rosolic acid to 5 ml. of glycerol caused an increase in the carbon 
dioxide absorption by 2.5 ml.; this, as well as certain color and fluorescence effects, was 
interpreted as evidence of the formation of a dyestuff derivative of tripheriylmethyl- 
carboxylic acid by the carboxylation of about 5% of added rosolic acid. As in the case 
of his work on the mechanism of photosynthesis (cf. Chapter 4), the eonclusions of 
Baur run far ahead of the very rough experiments. 

Organic compounds which are known to absorb carbon dioxide eagerly, with the 
formation of carboxyl groups, are metal alkyls, e, g. Grignard reagents. These reactions 
can be interpreted as additions of R — M (M = metal) to C=0 

'E 

(8.25) 0C=0 + RM > OC^ 

^OM 

The instability of the carbon-metal bonds and the stability conferred on the salts by 
ionic dissociation offer sufficient explanation of why, in this case, the equilibrium lies 
far on the side of synthesis. 

We have reviewed the reversible addition of carbon dioxide to 0 — H, N — H, 
N—M, C— H and C— M bonds. Before applying these results to observations on the 
carbon dioxide fixation by plants, it might be worth while to mention one important 
example of reversible carbon dioxide fixation in nature — the equilibriuni between carbon 
dioxide and carbonic anhydrase. According to Roughton and coworkers (1940), the 
equilibrium constant: 


(8.26) 


[E-COz] 


where E — enzyme, is of the order of 0.1 atm. at 0° C., and 1 atm. at room temperature. 
Thus, the energ>^ of formation of the E • CO 2 complex is of the order of AM ^ - 15 kcal, 
while the free energy is about = + 1.85 kcal at 25^ The chemical nature of this 
complex is unknown. 
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5« Is CarboxylatioE a Reduction of Carbon Dioxide? 

It is customary to speak of reduction of carbon dioxide whenever 
a carbon dioxide molecule is incorporated into an organic compound 
with the formation of a new C — C bond. This practice leads to mis- 
understandings when processes of this kind are put on the same level 
with the reduction of carbon dioxide in photautotrophic and chem- 
autotrophic organisms. It is necessary to distinguish clearly between 
the two types of reactions involving carbon dioxide: reversible additions 
(e. g.j the addition of CO 2 to RH, leading to the substitution of C — C 
bonds for C — 0 bonds); and true reductions (characterized by the creation 
of new C — H bonds). Whether carboxylation should be called a reduc- 
tion^^ of carbon dioxide at all is a matter of convention. The definition 
of the word reduction is unambiguous only in the case of intennolecular 
oxidation-reductions, in which the reaction partners exchange electrons 
(or hydrogen atoms) and then separate, one having experienced oxidation 
and the other reduction. If the reaction partners remain linked together, 
the definition becomes vague. To find out whether an oxidation- 
reduction has occurred, one may consider the positions of electrons or 
hydrogen atoms before and after the reaction. By this criterion, a 
carboxylation; 

(8.27) EH-hCOa J^RCOOH 


could be considered as the oxidation of the organic radical R and reduc- 
tion of carbon dioxide, since it involves the shift of a hydrogen from 
RH to CO 2 . However, by the same token, one could also describe the 
hydration of carbon dioxide: 

(8.28) HOH -f CO 2 HOCOOH 


as a reduction of cai'bon dioxide and oxidation of w^ater. Both in (8.27) 
and (8.28), the hydrogen is transferred to oxygen (in the carbon dioxide); 
because of the high affinity of oxygen for hydrogen, this requires no 
supply of energy, A true reduction of carbon dioxide (as defined above) 
would require the shift of hydrogen to carbon. If, after such a shift 
(from RH or H2O to CO 2 ) the products remain united in a single mole- 
cule, the results will be: 

(S‘2A RHH-COs >ROCHO and 

I A 

(8.30) HOH + CO 2 »HOOCHO 


that is, the formation of a, formic acid ester and performic ara'd, respectively. 
This would constitute a true reduction of carbon dioxide (and oxidation 
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of the doaor, RH^ or water). (Reactions of type 8.30 were postulated 
by Willstatter and Stoll in 1918 as the main photochemical steps in 
photosynthesis.) 

To sum upj it seems more logical to reserve the term “carbon dioxide 
reduction” for reactions in which hydrogen atoms (or electrons) are 
transferred from “donor” molecules to the carbon atom in carbon diox- 
ide, and not to apply it to carboxylations and similar additive reactions. 
True, in dealing with metabolic processes, it is often not clear whether 
an observed consumption of carbon dioxide is caused by addition or 
reduction; but the distinction should be kept in mind and applied 
whenever possible. 

B.' Carbon Dioxide Fixation by Living Cells ^ 

The review of different reversible carbon dioxide addition processes 
in vitro in the preceding section illustrates the variety of reactions which 
may occur when carbon dioxide comes in contact with living organisms. 

This interaction has been studied in detail onlj?' in the case of blood; 
observations of the absorption of carbon dioxide by other tissues, animal 
or vegetable, have for the most part been qualitative. However, the 
work of Spoehr and Smith on sunflower leaves has opened the w^ay to a 
more quantitative treatment, which is a prerequisite for the complete 
understanding of the fate of carbon dioxide in photosynthesis. 

From the studies of Smith, water, phosphate, and alkaline earth car- 
bonates emerge as the three main factors determining the carbon dioxide 
balance of nonilluminated leaves under high partial pressures of carbon 
dioxide. It was mentioned above that the carbon dioxide balance of 
blood was originally attributed exclusively to the conversion of carbonates 
into bicarbonates. Later, it was found that carbamination also pla 3 ^s a 
limited, but not negligible, part. A similar development may possibly 
occur in the theory of the carbon dioxide absorption by plants; but the 
suggestion of Willstatter and Stoll that carbamination is the main factor 
in this absorption is not borne out by the analysis of Spoehr and Smith. 

While dissolution in water and bicarbonate formation (and possibly 
carbamination) determine the carbon dioxide balance of plants under 
high partial pressures of this gas, the carbon dioxide binding in the 
complex, {CO 2 } —which is probably a carboxylation— comes into greater 
prominence under low pressures, for instance, in the free atmosphere. 
Under these conditions, the {CO 2 } complex may account for carbon 
dioxide quantities of the same order of magnitude (1 to 5 X 10""^% of 
the dry weight of the leaves) as those absorbed by conversion into 
"bicarbonate. 


Bibliography, page 211. 
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1. Solubility of Carbon Dioxide in Plant Sap 

In all measurements of the carbon dioxide absorption by plant 
tissues, the solubility in cell water has to be corrected for in order to 
determine the extent of “chemical” binding. This component is small 
at the low carbon dioxide concentrations, but grows with increasing 
pressure, when the chemical absorbers become saturated. 

According to table 8.1, the cell water, if it were pure, would con- 
tain, in contact with the free atmosphere at 25° C., about 9 X 10 ® mole 
per liter of CO 2 molecules, and in contact with an atmosphere of pure 
carbon dioxide, approximately 3 X 10“^ mole per liter. Since an aver- 
age leaf is about 80% water, the first concentration corresponds to about 
2 X 10-^%, and the second to 0.6% dissolved CO 2 , relative to the dry 
weight of the leaves. 

A correction is needed in exact calculations for the effect of salts and 
nonelectrolytes on the solubility of carbon dioxide. However, this 
effect cannot exceed a few per cent (c/. page 179). Smith (1940) found 
that partial drying of leaves affects the absorption of carbon dioxide 
somewhat more than can be accounted for by the amount of evaporated 
%vater, and ascribed this effect to the solubility-depressing influence of 
sugars and salts. He noticed also that expressed and acidified cell sap 
absorbs about 10% less carbon dioxide than the same volume of pure 
water. Leaves of Sedum preaUiirrij whose sap has a strongly acid reaction 
(pH 4.08) and in which no bicarbonates can be formed, also absorb less 
carbon dioxide than calculated from the solubility of this gas in pure 
water. 

The possible contribution of lipoids to the reversible absorption of 
carbon dioxide by plants (c/. page 179) has never yet been taken into 
consideration. The small volume of the lipoid phase compared with the 
hydrophilic phases (cytoplasm and cell sap) perhaps makes the omission 
permissible. 

2. Conversion of Carbon Dioxide into Bicarbonate in Plants 

If the cell water were unbuffered, about 15% of dissolved carbon 
dioxide would be in the form of bicarbonate ions in ordinary air, and a 
smaller proportion in an atmosphere enriched in carbon dioxide. The 
sap, under these conditions, would be acid. The absorption of carbon 
dioxide in excess of normal solubility, actually observed with almost all 
investigated plants, must be attributed to a conversion of carbon dioxide 
into' bicarbonate by alkalizing agents. The most important of these are 
solid alkaline earth carbonates and dissolved primary phosphates. 

The presence in plants of solid carbonates was discovered by Berthelot 
and Andre in 1887. They removed 'Tree'^ carbon dioxide (that is, 
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dissolved carbon dioxide and one-half the carbonic acid of bicai> 
bonates) by pumping,, then extracted the leaves with water, acidified 
the extract tod the insoluble residue, and measured the evolved carbon 
dioxide. Table 8 JX contains some of the results obtained in this way. 


Table S.IX 

Carbona,tes in Pla.nts (after Berthelot and .AXDto) 


Species 

CO 2 , % of dry matter 

Insoluble carbonates 

Soluble carbonates 

Chempodium quinoa 

0.03 


Rwmes^ acetosa 

0.50 

0.14 

Oxalis stricta 

0.36 

0.06 . 

Amaranthm caudatus 

0.09 

MeBembrianihemum cristalUnum 

none 

0.13 to 0.72 


The quantities of soluble carbonates (presumably, alkali carbonates) 
found by Beithelot and Andr6 appear too high when one considers the 
comparatively lo^v pH of the cell sap, and do not agree with the quantity 
of carbon dioxide which the leaves absorb under an increased pressure of 
carbon dioxide, and liberate in vacuo. Recent investigations of Smith 
make it probable that divalent cations account for all the carbonate 
anions found in the leaves. 

The presence of phosphates in the cell sap of green plants has been 
demonstrated by Martin ( 1927 ). Their concentration is of the order of 
10""^ mole per liter. Primary phosphate absorbs carbon dioxide according 
to the equation : 

(6.31) C02 4-H20 + HP0r“^?====^ 

The presence in leaves of alkaline earth carbonates and primary 
phosphates makes it necessary to consider these factors first in the 
interpretation of the reversible carbon dioxide absorption by plants. 

The first determinations of the reversible carbon dioxide absorption 
by leaves w^ere carried out by Willstatter and Stoll (1918), with Urtica 
dioica (nettle) and Helianthus annuus (sunflower). The absorption 
isothermals are reproduced in figure 18. Half-saturation is reached in 
Heliafithus at about 40 mm., and in Urtica at a somewhat higher pressure. 
The maximum absorbed quantities (after correcting for solubility) are, 
in both cases, of the order of 1 ml. GO 2 per 10 g. fresh leaves (5 X 10”^ 
mole/L, or about 0.1% of the dry weight of the leaves). 

Willstatter and Stoll mentioned the carbonate-bicarbonate conversion 
as a possible explanation of the carbon dioxide absorption, but thought 


CONVEESION OF CABBON DIOXIDE INTO BICARBONATE 191 

that " the comparatively high pressure required for saturation argues 
against this hypothesis and in favor of carbamate formation. The com- 
parison of figure 18 with Smithes figure 19, which contains the calculated 
absorption curve for a solution of primary phosphate, shows, however, 
that the Willstatter-Stoll results can be accounted for almost entirely by 
the phosphate buffer equilibrium. 



Fig. 18. — Absorption of carbon dioxide at 5® C. A. Helianthus annum (about 20 g. 
fresh leaves); B. Urtica dioica (same quantity) (after Willstatter and Stoll 1918), 

Leaves 

Water in the leaves 

- - Leaves without water (calculated) 

According to Willstatter and Stoll, sunflower leaves absorb, under 
150 mm. partial pressure, twice as much carbon dioxide as can be dissolved 
in pure cell water and, under a partial pressure of 0.75 mm. (0.1% CO 2 
in the air), twelve times as much. The ratio between chemically bound 
and physically dissolved carbon dioxide must become even larger at still 
lower pressures. Thus, Schafer (1938) found that leaves of Vicia faba 
(broad beans) may liberate, in vacuo, fifty times as much carbon dioxide 
as could have been dissolved in the cell water under the partial pressure 
of carbon dioxide in the air (0.23 mm.). 

Systematic attempts to elucidate the nature of the carbon dioxide 
absorbing agents in plants were first undertaken by Spoehr and coworkers* 
Spoehr and McGee (1923, 1924) proved that dried ot frozen leaves retain 
the capacity for carbon dioxide absorption. They found that the absorb- 
ing compounds can be extracted from the leaves by ether-saturated water, 
and considered this at first as a proof of their proteinaceous nature. 
Later, however, Spoehr and Newton (1925, 1926) found that the ab- 
sorbing agent (reprecipitated by alcohol from the ether-water extract) 
does not contain enough nitrogen to account for the carbon dioxide 
absorption on stoichiometric basis. They therefore abandoned the 
carbamate hypothesis and turned to the bicarbonate hypothesis. 
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Spoehr and Newton observed that leaves of sunflower and nettle 
absorb about twenty times more carbon dioxide than those of alfalfa, 
rhubarb, spinach, and h 3 ^^drangea. However, the properties of sunflower 
are not exceptional, as shown by the later data of Smith (1940), some 
examples of which are given in table 8.X. 


Table 8.X 

Carbon Dioxide Absorption by Fresh Leaves 


Leaves of 

CO 2 absorbed by 10 g. at 15° C. under 1 atm. pressure of CO 2 , ml 

Total 

; Dissolved 

(calcd.) 

Excess 

Helianthus annuus 

10.2-11.6 

7.5-8.0 

2.2-3.7 

Malm parvi flora 

11.9 

7.8 

4.1 

Liho cedrus 

7.7 

5.0 

2.7 

Eschscholtzia calif arnica 

9.0 1 

7.6 

1.4 

Rosa species 

8.0 

5.9 

2.1 

Q'^f^rcus douglasii 

6.4 

5.6 

0.8 

Trijolium repens 

10.2 

7.6 

2.6 


In all species listed in table 8.X, “chemicaF^ absorption of carbon 
dioxide enhances the solubility under atmospheric pressure by 20-50% 
(in agreement with the 100% increase under 150 mm. pressure found by 
Willstatter and Stoll). The absorption is fully reversible — ^in fact, a little 
more carbon dioxide is usually removed by evacuation than has been 
absorbed under high pressure (obviously because of respiration). Acidi- 
fication liberates an additional quantity of carbon dioxide b^' the de- 
composition of neutral carbonates. 


Table 8.XI 

Carbon Dioxide Content op Helianthus Leaves ® 




. 

CO 2 content in excess of normal solubility, ml. 

' No. 

Material 

“Reversible” 

CO 2 

“Irreversible” 

Total 



(under 1 atm.)^ 

CO 20 

! (under 1 atm.) 

1 

Living leaves 

3.0 

15.8 

18.8 

2 

Frozen leaves 

8.9 

7.8 

16.7 

3 

Water extract from 2 

4.8 ' 

-0.3 

4.5 

4 

Water-insoluble residue of 2 

4.9 

4.3 

9.2 

5 

CO 2 — water extract from 4 

5.9 

5.3 ■ ■ ' 

11.2 

6 

CO 2 — water-insoluble residue of 4 

0 

0.5 

0.5 


“ All figures refer to 10 g. fresh leaves or mate dal derived therefrom. 

^ Amount of carbon dioxide absorbed when GOs pressure is increased from 0 to 1 atm. 
c Amount of carbon dioxide released by cold dilute acid, minus the “reversible" CO 2 . 
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The total quantity of chemically bound carbon dioxide in Helianthus 
leaves, equilibrated with an atmosphere of pure carbon dioxide, is 17-19 
ml. per 10 g. fresh leaves, con-esponding to an average CO 2 concentration 
of 0.1 mole per liter, or 2% CO 2 relative to the dry weight of the leaves. 
This absorption equilibrium can have nothing to do with chlorophyll, 
whose average concentration in the leaves is only of the order of 2 X 10~^ 
mole per liter. 

This conclusion is borne out by the observations that yellow leaves 
absorb the same quantities of carbon dioxide as gi’een leaves (Willstatter 
and Stoll), that white leaves also yield carbon dioxide in vacuo (Schafer), 
and that stalks, roots, and petals show' the same reversible carbon dioxide 
absorption as leaves (Smith). Schafer found that the quantity of 
dissociable carbon dioxide increases in light; but this can scarcely be 
taken as an indication of a direct relationship between the agent absorbing 
carbon dioxide and the photochemical apparatus of the leaves. 

Not all figures in table 8.XI can easily be interpreted. The properties 
of fractions 3, 4, 5 and 6 are understandable, but the carbon dioxide up- 
take of w4ole leaves (row's 1 and 2) is considerably larger than the sum 
of the volumes taken up by fractions 3 and 4, and its distribution between 
“reversible” and “irreversible” CO 2 is remarkably different for the living 
and the frozen leaves. 

Fraction 3 behaves as a buffered solution which takes up carbon dioxide under 
pressure (in excess of the solubility of this gas in pure water) by conversion into bicar- 
bonate, but releases all of it upon evacuation. It will be shown below (ef. Fig. 19) that 
this uptake can be attributed practically entirely to the presence of a phosphate buffer. 

The behavior of fraction 4 is that of an insoluble carbonate, which absorbs reversibly 
an equivalent quantity of carbon dioxide by conversion into bicarbonate (cf. p. 179), 
and thus contains, upon saturation, equal amounts of ‘‘ reversible and ^^irreversible” 
carbon dioxide. This interpretation is confirmed by the properties of fractions 5 and 6, 
since they show that the carbon dioxide-absorbing component of fraction 4 is completely 
soluble in carbonated water. 

Fractions 3 to 6 were prepared from 10 g. of frozen leaves. An aliquot portion of 
whole frozen leaves (No. 2) took up the expected quantity of reversible” carbon 
dioxide (roughly the sum of those absorbed by fractions 3 and 4), but proved to contain 
considerably more “irreversible” carbon dioxide than did these twm fractions together. 
Fresh leaves showed an even stronger deviation from additive behavior: the amount 
of ‘‘reversible” CO 2 was only one-third of that of fractions 3 and 4, w^hile that of “irre- 
versible” carbon dioxide was four times larger. 

Since carbonates yield equal quantities of “reversible” and “irreversible” carbon 
dioxide, while phosphates take up only “reversible” carbon dioxide, the combined 
action of these two agents should lead to the uptake of more “reversible” than “irre- 
versible” COz—w^hile fresh leaves in table 8.XI show the reverse relation. This can: 
only be explained by assuming the presence of carbonates in such a state or location 
that they are unable to take part in the absorption of gaseous carbon dioxide, but 6an 
be decomposed by acid. 

Smith suggested that the difference between living and frozen leaves can be ex- 
plained by the rapid carbon dioxide production by respiration in the former ones— a 
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production which pa,rtialiy saturates the bufers during the short time between prelimi- 
.nary evacuation, and the admission of carbon dioxide. This may explain the smaller 
GO 2 uptake after the admission of this gas, but not the increased quantity of ^^irrevers- 
ible’’ carbon dioxide found in living leaves. Furthermore, this explanation implies that 
respiration builds, up a large internal pressure of carbon dioxide before the latter escapes 
into the atmosphere — ^which is improbable (compare Vol. 11, Chapter 33). 

Despite these difficulties of quantitative interpretation, which show 
the desirability of continued experimentation, Smitli'^s general conclusion 
that leaves contain two main carbon dioxide-absorbing factors — solid 
carbonates, and a water ioluble buffer — appears plausible. 

The behavior of the aqueous fraction in particular can be quantita- 
tively accounted for by the action of a phosphate buffer, as shown by 
measurements of the CO 2 uptake by this fraction under var 3 dng partial 
pressures of carbon dioxide {cf. Table 8.XII and Pig. 19). 


Table 8.XII 

Caebon Dioxide Absoeption by Watee Extkact op Sunflower Leaves 


PC02> 

atm. 

1 

[HCO 3 -], ■ 

inoie/l. J 

(excess CO 2 ) 

[HCO 3 -], 
mole/l. ! 

calcd. 
from pH 

pH 

Corresponding 

CO 2 absorption 
by 10 g. fresh 
leaves* m.l. 

0.05 

0.0088 

0.0088 

6.83 

1.6 

0.20 

0.0133 

0.0138 

6.42 

2.4 

0.75 

0.0180 

0.0186 

5.98 

3.3 

0.99 

0.0187 

0.0197 

5.89 

3.6 


A comparison of pH values in table 8.XII with those in table 8. II 
confirms the presence of buffers in the sap. The second column in table 
8.Xn shows that if the bicarbonate concentration is calculated from the 
carbon dioxide absorption, by assuming that all absorption in excess of 
solubility is due to bicarbonate formation, the result is equal to that 
derived from acidity. This is taken by Smith as a proof that carbamina- 
tion plaj^s no part in the carbon dioxide absorption by the w^ater-soluble 
leaf fraction. In figure 19, the experimental absorption values are com- 
pared with the calculated absorption by the phosphate buffer alone; the 
comparison shows that the phosphate can account for most, but not quite 
all, the bicarbonate formation in the extract. The remaining discrep- 
ancy indicates the presence of some minor buffering components. 

The assumption that the carbon dioxide absorbing capacity of the 
insoluble leaf fraction is caused by the presence of alkaline earth car- 
bonates is supported not only by the solubility of the absorbing agent in 
carbon dioxide-saturated water, but also by the anatysis of the ash. 
It shows the presence of 6.7 X lO”^ gram atom of calcium and 1.8 X 10”'^ 
gram atom of magnesium in 10 grams of fresh leaves. In the form of 
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carbonates, these cations could account for the absorption of 8.5 X 10“^ 
mole, or 19 ml. carbon dioxide. This is a little more than the observed 
effect; but not all alkaline earths need to be present as carbonates. 
Insoluble phosphates, as well as manganese (found in the ash), also can 



Carbon dioxide pressure, atmospheres 

Fig. 19. — ^The bicarbonate-ion concentration determined from e.nii. measurements 
(A) compared with the total combined carbon dioxide obtained by gas-analytical 
methods (o) and that calculated from the buffer action of the phosphates (□) in the 
sunflower-leaf sap (after J. H. C. Smith 1940). 

contribute to the absorption of carbon dioxide by the water-insoluble 
fraction. 


3. Role of Bicarbonate Ions in Photosynthesis 

The preceding section showed that plant cells (at least those of the 
higher plants, since no data are available on algae) usually contain, in 
equilibrium with the atmosphere, considerably more bicarbonate ions 
than carbon dioxide molecules. The role of these ions in photosynthesis 
has been much discussed in the literature, but most arguments used in 
this discussion are now obsolete; they were based on the effect of the 
presence of bicarbonate ions i/ie environment on the photovsynthesis of 
aquatic plants. 

When Draper (1844) discovered that plants can live in bicarbonate solutions without 
a carbon dioxide supply, he concluded that bicarbonate ions can be used as such in 
p otosynthesis. Later, it was realized that all bicarbonate solutions contain carbon 
dioxide molecules; but it was thought that quantitative determinations of the rate of 
photosynthesis m relation to the concentrations, [COa] and [HC 03 ~], can reveal 
whether the bicarbonate ions participate directly in photosynthesis or not. 

Natanson (1907, 1910) postulated that CO 2 molecules are the only form in which 
carbonic acid is utilized in photosynthesis, while Angelstein (1911), who had observed 
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that' at a constant value of [CO 2 ], the rate of photosynthesis is improved by the addition 
of bicarbonate, believed in the availability of the latter for the photosynthetic process. 
Wilmott (1921) found, on the other hand, that the rate of oxygen production by Elodea 
is the same in acid carbon dioxide solutions and in alkaline bicarbonate solutions with 
the same concentration of CO 2 molecules. Romeli (1927) attributed Angelstein’s 
results to the capacity of bicarbonates to renew the supply of carbon dioxide (cf. page 
177), an interpretation confirmed by James (1928), who noticed that the improve- 
ment of photosynthesis, caused by the addition of bicarbonate ions, disappeared with 
an increase in the rate of circulation of the medium — thus indicating that it was predi- 
cated upon a local exhaustion of carbon dioxide. 

Because of the permeability of cell membranes to carbon dioxide 
molecules, changes in the external concentration of this molecular species 
produce shifts in the carbonate concentration inside the cell (accom- 
panied by changes in the acidity of the aqueous cell phases). Whether 
variations in the external concentration of bicarbonate ions, for which 
the cell membrane is almost impermeable, also affect the composition 
of the carbonic acid system in the cell, is a complicated problem of mem- 
brane equilibrium, and as long as we do not know the answer, experi- 
ments with var^dng concentrations of carbonate ions in the external 
medium do not tell us anything definite about the part which these ions 
play mside the cell. 

One thing, however, can be stated with certainty. If the presence of 
carbonate anions in the medium does have an influence on the composi- 
tion of the carbonic acid system within the cell (in the equilibrium state 
or in the steady state of illumination), this influence is at least several 
orders of magnitude smaller than that of free carbon dioxide molecules. 
Warburg^s buffers contain tens of thousands of HCOa”" and CO 3 — ions 
for each CO 2 molecule {cf. Table 8 .V). Nevertheless, the curves show- 
ing the yield of photosynthesis in relation to the concentration of the 
species CO 2 in these mixtures have approximately the same shape as 
those obtained in experiments with land plants supplied with free CO 2 
molecules only. For instance, according to chapter 27 (VoL II), the sat- 
uration of the photosynthetic apparatus of Chlorella occurs, in carbonate- 
bicarbonate buffers, at [CO 2 ] = o X mole/L, with 7.5 X 10"^ 
mole/L HCOs" and 2.5 X 10""^ mole/1. CO 3 ' ions also present in solution; 
while the photosynthetic apparatus of wheat is saturated when the 
concentration of carbon dioxide is of the order of 2 to 4 X 10'^ mole/1. 
In other words, the presence of an enormous excess of HCOs'^ and COs—” 
ions does not essentially affect the carbon dioxide saturation, which 
remains determined, in the first approximation, by the concentration of 
the carbon dioxide molecules alone. 

The assertion that carbonate ions cannot penetrate into the cells as 
rapidly as do the carbon dioxide molecules is based not only on the gen- 
eral experience that ions, with their clusters of water molecules, are much 
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less capable of penetrating through cell membranes than neutral par- 
ticularly lipophilic molecules, but also on direct experiments of Osterhout 
and Dorcas (1926), who found that the rate of penetration of carbonie 
acid into the interior of the unicellular alga, Valonia, is proportional to 
the external concentration of carbon dioxide and unaffected by the addi- 
tion of a large quantity of carbonate and bicarbonate ions. 

At first sight, certain results of Arens (1930, 1933, 1936i*2) seem to contradict the 
conclusions of Osterhout and Dorcas. He investigated the welhknown fact that 
aquatic plants, EMea or Potamogeton, for instance, while carrying out photosynthesis 
in natural waters, often become covered by a precipitate of calcium carbonate; at the 
same time, the water in the neighborhood of the leaves becomes alkaline. Both observa- 
tions are easily explained by shifts in the equilibrium (8.9), caused by the elimination 
of carbon dioxide by photosynthesis. The interesting aspect of the phenomenon is 
that the deposition of calcium carbonate often takes place on the upper surface only. 
This would be natural if the consumption of HCOs" ions also took place only there. 
Arens found, however (by experiments in which leaves were used as membranes between 
two water-filled cells), that the bicarbonate— Ca(HC 03) 2 or KHCO 3 -- is consumed on 
the lower surface of the leaf, while an equivalent quantity of Ca'^'*' (or K"**) ions emerges 
at the upper surface, accompanied either by CO 3 ions (in the case of potassium 
bicarbonate), or by OH" ions (in the case of calcium bicarbonate). This directed 
transfer of ions through the leaves takes place only in light and thus appears to be 
related to photosynthesis. Although the results of Arens indicate a penetration of ions 
across the leaf, they do not necessarily clash with the conclusions of Osterhout and 
Dorcas. According to the latter, the flow of carbonic acid into the cells is maintained 
practically exclusively by the molecules of CO 2 , even when the medium contains a 
large excess of carbonate or bicarbonate ions. This makes it probable that the ions^ 
HCOs" and CO 3 — , cannot penetrate through the membranes at all. However, carbon- 
ate solutions contain a small proportion of undissociated salt molecules (KHCO 3 , 
K2CO3 etc.). It seems plausible that salt molecules can pass through the membranes 
as easily as acid molecules. If this is so, the results of Arens could be attributed to 
the penetration of the cell by these molecules, rather than by free ions. A salt, e. g. 
KHCO 3 , would enter the cell in the form of neutral molecules, dissociate there into 
ions, have a part or all of its HCOs" ions consumed by photosynthesis, and escape on 
the opposite side of the cell in the form of other neutral molecules, e. g., K 2 CO 3 or KOH, 
Simultaneously with this comparatively slow flow of carbonates and bicarbonates across 
the cell, a much larger quantity of free carbon dioxide — unobserved in Arens technique — 
enters the cell (as shown by Osterhout and Dorcas), to be completely consumed there 
by photosynthesis. 

It must be added that the correctness of the results of Arens is not beyond doubt. 
Gessner (1937) found, for instance, by experiments with vaseline-covered leaves, that 
both surfaces of Elodea leaves are equally active in supplying carbon dioxide for 
photosynthesis. 

A complete interpretation of the transport of ions across the leaves must also take 
into consideration the possibility of diffusion through the cell wails without actual 
entrance into the membrane-shielded interior of the cells. 

It was repeatedly stated that the ratio [HC 03 “]/[C 02 ll in the me- 
dium cannot be changed without simultaneous change in acidity. The 
occasionally observed depressing influence of carbonates on the rate 
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of photosynthesis at constant [CO2] may thus have been caused by the 
alkalinity of the medium rather than by the carbonate ions themselves. 
It has, for example, been reported by van der Hoiiert (1930) and van der 
■Paauw (1932), that Hormidium does not thrive in carbonate buffers at 
all; Chlorella cells are more resistant but they too are affected by the 
more alkaline of Warburg's buffers (Emerson 1936; Emerson and Green 
1938), 

To sum up: all experiments described so far do not teach us anything 
about the true role of carbonate ions in photosynthesis. The occasional 
improvement in rate caused by an addition of these ions at a constant 
concentration of carbon dioxide can be attributed to the removal of 
COg-depletion effects, while the occasional decrease in rate caused by the 
same treatment may be due to changes in pH. The meaning of Arens' 
observations on the direct transfer of ions across the leaves cannot be 
assessed without new quantitative experiments. 

While we find no basis for the claim that carbonate ions play a direct 
part in photosynthesis, neither can we assert that the}^ pla}?- no such 
part at all. Even if these ions do not penetrate into the cell from the 
outside, thi5y are produced inside by the interaction of carbon dioxide 
molecules with alkalizing buffers (HPO4 , CaCOs, etc.). In equilib- 
rium with the atmosphere, the concentration of HCOg"" ions in the cell 
usually is many times larger than that of free CO2 molecules. We 
have assumed that the immediate substrate of reduction is a complex, 
{CO2}. The participation of HCOa"* (and CO3 — ) ions in the formation 
of this complex may be twofold. If this complex can be used for photo- 
synthesis both as a carboxylic acid RCOOH and as its anion, RCOO"", 
then the presence of bicarbonate ions can increase its equilibrium concen- 
tration. If, however, only the neutral complex can take part in photo- 
synthesis, then the presence of anions, although it cannot affect the 
equilibrium concentration of the reduction substrate, may accelerate the 
rate of its formation. 

One argument has been presented in favor of the assumption that the 
main reaction sequence of photosynthesis does not include the inter- 
mediate formation of bicarbonate ions. It was based on an estimate of 
the rate of hydration of carbon dioxide in the cell, a rate which appears to 
be too slow to allow the reduced carbon dioxide molecules to pass 
through the hydration stage. It was mentioned on page 175 that the 
(noncatalyzed) hydration of carbon dioxide requires about one minute 
at room temperature. Consequently, only about 5 X 10~® X f moles 
of carbon dioxide (p = carbon dioxide pressure in mm.) can be hydrated 
(noncatalytically) each second in one liter of cells. On the other hand, 
at p = 1 mm. (a pressure sufficient for carbon dioxide saturation of pho- 
tos3mtliesis in most plants), as much as mole carbon dioxide can 
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be reduced each second in one liter of plant cells (Vol. II, Chapter 28), 
i. e. twenty times more than can be hydrated during the same period. 
Calculations of this type were first carried out by Burr (1936), who 
obtained, for a number of plants, ratios between the rates of uneatalyzed 
hj^dration and photosynthesis ranging from 1:73 to 1:2440. He 
concluded that hydration of carbon dioxide cannot represent a necessary 
step in photosynthesis. _ ^ _ 

It may be argued that the conversion of CO 2 into HCOa” ions in 
plant cells is catalyzed, if not by carbonic anhydrase, at least by milder 
catalysts such as phosphates (c/. page 176). Experiments carried out 
by Burr (1936) failed to reveal any catalytic effects of mashed leaves 
on the hydration velocity of carbon dioxide; and the same result was 
obtained by Mommaerts (1940). Neish (1939), on the other hand, 
gave some figures for the carbonic anhydrase activity of leaf matter as a 
whole, and of separated chloroplast matter (Table 14. VIII). According 
to his measurements, 1 ml. of a suspension containing 1 mg. of dry leaf 
material can liberate, at 22° C., about 1 mm.* carbon dioxide per second 
from 1 ml. of a 0.2 ilf NaHCOs solution mixed with an equal volume of 
a phosphate buffer (pH 6.8). It appears impossible to calculate from 
this rate of catalytic dehydration the maximum rate of hydration of 
carbon dioxide by the same amount of leaves, and thus to decide whether 
Neish’s results contradict directly the conclusions of Burr and Mom- 
maerts. 



Fig. 20. — Hourly yield of photosynthesis (P) of Hydrilla (left) and Cahomha (right) 
in carbonate solution (shaded) and after transfer into distilled water (white) (after 
Gessner 1937). 


The carbon dioxide-bicarbonate-carbonate equilibrium in the cellSj 
even if it does not lie in the direct path of photosynthesis, may play a 
part in this process by providing carbon dioxide reserves within the cell 
which help to even out short-time variations in the external supply of 
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this substrate. Arens (1933, 1936^*2) .asserted, for example, that Elodea, 
Potomageion, and other aquatic plants can continue photosynthesis for a 
considerable length of time after having been transferred from a bicar- 
bonate solution into distilled water, and attributed this phenomenon to 
the formation of carbonate reserves. .Gessner (1937) confirmed the 
■existence of such reserves in many (although not all) aquatic plants, but 
found that they are much less extensive than could be gathered from 
Arens’ observations. Figure 20 shows the rapid decline in the rate of 
oxygen evolution by Hydrilla and Cahomba which follows a transfer of 
their twigs into distilled water. This figure indicates that the carbonate 
reserves of aquatic plants are not larger than those of land leaves (Tables 
8.IX and 8.X), a., of the order of 0.1 tp 1% of the dry weight of the 

leaves. Since intense photosynthesis leads to an hourly increase in dry 
weight by several per cent (Vol. II, Chapter 28), carbonate stores of this 
magnitude cannot maintain photosynthesis at its full rate for more than 
a few minutes. 


4. Carboxylation and the {CO 2 } Complex 

Except for the observations of Schafer on the increase in carbon 
dioxide content upon illumination (page 193), the experiments described 
above do not reveal any relationship between the reversible carbon 
dioxide absorption by plants in the dark and the reduction of carbon 
dioxide in light. We shall now describe experiments wdiich indicate that 
a different (although also a reversible and nonphotochemical) absorption 
of carbon dioxide is closely associated with photosynthesis — presumably 
as a preliminary step in this process (as assumed in Chapter 7). The 
quantities of carbon dioxide involved in this absorption are twenty or 
fifty times smaller than those which can be accounted for b^^ the carbon 
dioxide-bicarbonate equilibria, i, e,, of the order of 2 X 10”® mole per 
liter of cell volume, or 5 X 10“'^% CO 2 relative to the dry wmight of the 
cells, or 0.5 ml. carbon dioxide gas per 10 grams of fresh cells. On the 
other hand, the affinit}^ of the acceptor responsible for this absorption 
to carbon dioxide must be higher than that of the phosphate or carbonate 
buffers, since its saturation occurs at carbon dioxide pressures of the 
order of 1 mm. This value is derived from the carbon dioxide” curves 
of photosynthesis (representing rate vs. concentration of carbon dioxide) . 
These curves (cf. Vol. II, Chapter 27) show "Tialf-saturation” at [CO 2 ] 
values of the order of 0.03% in the air. One explanation of this satura- 
tion, which will be discussed in chapter 27 (Vol. II), is that the carbon 
dioxide curves are equilibrium isothermals of the acceptor-carbon dioxide 
complex. According to this hypothesis these curves may be distorted 
by supply and disposal limitations which prevent the maintenance of the 
carboxylation equilibrium during intense photosynthesis, or cause the 
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rate to become insensitive to the concentration of carbon dioxide long 
before the complex, {C 02 }> has been fully saturated,* but this distortion 
does not change the order of magnitude of the carbon dioxide concentra- 
tion required for saturation. If the complex, {CO 2 }, is half-saturated at 
carbon dioxide concentrations of the order of 10"“® mole per liter (0.03% 
CO2 in the air), the free energy of its formation must be of the order of 
— 6 kcal at room temperature (Ruben 1943, estimated AF = —2 kcal)— 
a considerably more negative value than the free energies of carbamina- 
tion and carboxylation quoted in the first part of this chapter; more 
negative than even the free energy of association of carbon dioxide with 
carbonic anhydrase (page 186). 

As an alternative to this ^%tatic interpretation of the carbon dioxide 
saturation of photosynthesis, we will consider in volume II, chapter 27, 
the hypothesis of tfi'ranck, according to which this saturation is due^ 
mainly to kinetic factors (slow rates of certain partial processes of photo- 
synthesis which make the utilization of additional carbon dioxide im- 
possible). The carboxylation equilibrium is assumed by Franck to lie 
very far on the association side, even at the lowest carbon dioxide 
pressures. 1 This hypothesis implies that the free energy of earboxjdation 
is even more negative than the above calculated value of —6 kcal per 
mole. 

Experiments with radioactive C*02, to be described below, make it 
plausible that the complex {CO 2 } can be dissociated by evacuation; a 
direct manometric determination of its CO 2 tension could determine which 
of the two alternative hypotheses is to be preferred. 

Ruben (1943) suggested that the strong affinity of the unknown 
acceptor for carbon dioxide may be caused by a coupling between its 
carboxylation and the hydrolysis of an energy-rich^^ organic phosphate 
which occurs with the liberation of 10 to 12 kcal per mole (c/. Chapter 9, 
page 224). If the uptake of one molecule of carbon dioxide were coupled 
with the formation of one molecule of inorganic phosphate from an 
“energy-rich^^ phosphorylated molecule, the net change in free energy 
could be of the magnitude required for the explanation of the early car- 
bon dioxide saturation of photosynthesis. I 

In chapter 5, the experiments of Vogler and Umbreit (1942) on 
Thiobacillus thiooxidans have been described. After a period of sulfur 
oxidation which is accompanied by a transfer of inorganic phosphate 
from the medium into the cells, these bacteria prove to be capable of 
absorbing a certain quantity of carbon dioxide in absence of sulfur and 
oxygen. It was suggested on page 114 that this absorption probably is 
a preliminary fixation {e. g., carboxylation) rather than a reduction of 
carbon dioxide. It is accompanied by a release of inorganic phosphate 
by the cell, and this can be considered as an argument in favor of Ruben's 
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hypotliesis. ■ However, some quantitative discrepancies remain to be 
clarified. : In the first place, the amount of carbon dioxide taken up by 
the bacteria appears to be at least one and perhaps two orders of magni- 
tude larger than that absorbed by green plants. In the second place, the „ 
amount of liberated phosphate is only one-fiftieth of that of absorbed 
. carbon' dioxide. (To explain the latter fact, Vogler suggested that the 
release of inorganic phosphate into the medium may be only a small token 
of the large-scale transphosphorylation taking place inside the cell) 

„ Direct evidence pertaining to the nature of the {CO 2 I complex is 
scarce. Some important observations were, however, made with radio- 
active carbon dioxide, 0*^02, by Ruben and coworkers. The fixation of 
C*02 in the dark was first observed by Ruben, Hassid, and Kamen (1939) 
in barley leaves and by Ruben, Eamen, Hassid, and Devault (1939) in 
Chlorella. The properties of the compound formed by this ^^dark 
fixation” of carbon dioxide were described in more detail by Ruben, 
Kamen, and Hassid (1940). (They used the term reduction of carbon^' 
dioxide,” which we prefer to avoid for the reasons given on page 187.) 

The cell suspension was exposed 
to radioactive carbon dioxide for sev- 
eral minutes in the dark, acidified, 
and boiled vigorously. The part of 
the absorbed radioactive carbon di- 
oxide w"h|ch was not removed by this 
treatment was obviously present in 
an acid-resisting form, that is, not as 
carbonate or carbamate. Most of the 
radioactive carbon passed, upon boil- 
ing, into the aqueous solution, showing 
that the complex, {CO 2 I, was water- 
soluble (at least, to a small extent — 
the quantity of {GO 2 } produced in 
these experiments was only of the 
order of lO""® mole in one milliliter of 
algae). Figure 21 shows the uptake 
of carbon dioxide in the dark as a 
function of time. In this curve, an 
apparent saturation corresponds to 
about 0.2 ml. C -’'02 per ml. of algae, 
or about 0.01 mole per liter of cell 
volume (about five times the amount 
of carbon dioxide dissolved in ceU 
water under the conditions of the experiment);. The uptake of C*02 is 
reversible: flushing the algae with inactive carbon dioxide removes 5 or 



Fig. 21. — ^Radioactive carbon di- 
oxide uptake by Chlorella in the dark. 
Measured in arbitrary units, 1.5 units 
corresponding to approximately 0.2 
mm.3 carbon dioxide per mm.® algae 
(after Ruben, Kamen, and Hassid 1940). 
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10 % of the absorbed activity. The uptake is an enzymatic process; 
it is brought almost to a standstill (more exactly, to 0.3% of its normal 
rate) by the presence of 10“^ mole per liter of potassium cyanide. 

We referred to the saturation in figure 21 as ‘^apparent because of 
the observation that the maximum uptake can be further increased by 
alternative evacuation of the cell suspension and its exposure to radio- 
active carbon dioxide. The maximum absorption obtained in this way 
is about 0.03 mole per liter of cell volume. Euben and coworkers 
assumed that figure 21 represents the rate of association of labeled 
carbon dioxide with the acceptor which was 'denuded of carbon 
dioxide by evacuation. If the stability of the {CO 2 } complex is such 
that it is only partially decomposed (decarboxylated) by evacuation, 
then rapid carboxylation with labeled carbon dioxide will extend only 
to the decarboxylated fraction. After this fraction has been recar- 
boxylated, further entrance of radioactive C *02 can occur only by 
exchange with the ordinary CO 2 already present in the complex, and this 
may be a much slower process. A second evacuation will decompose 
another batch of {CO 2 } complexes and leave them bare for reoccupation 
by labeled C* 02 , and so forth, until a uniform distribution of between 
the gaseous phase and the {CO 2 } complex is reached. (However, this 
explanation requires that the same total absorption of C *02 could also be 
obtained by waiting under a stationary C *02 atmosphere for the same 
period of time which was employed in the evacuations.) 

If this interpretation is correct, it means that the complex {CO 2 } has 
a finite dissociation pressure — a conclusion which was mentioned once 
before (page 201). 

One remarkable feature of figure 21 is the slowness of the C*02 up- 
take. The /^pickup observations, to be described later in this chapter, 
show that when, after a period of photosynthesis, the carbon dioxide 
acceptor finds itself ^Menuded^^ of CO 2 , the regeneration of the complex 
ICO 2 ] is completed within 10 or 20 seconds; while the uptake of C ^02 
requires a whole hour. We vnll encounter a similar situation later when 
speaking of the slow rate of reabsorption of the carbon dioxide liberated 
in the ^^gush^^ of this gas which was observed by Emerson and Lewis 
during the induction period of photosynthesis in Chlorella. If we insist 
in attributing the dark C^Os uptake, the ^^pickup,^' and the CO 2 absorp- 
tion after the ^^gush to one and the same chemical reaction — -formation 
of the complex {CO 2 }— we must assume that, in the first and last case, 
this process is slowed down, either by the inactivation of the carboxylating 
catalyst, Eal in the dark, or by the inactivation of the acceptor—and 
that only in the second case does the carboxylation proceed at its full 
rate (meaning by this the rate which must be maintained in the steady 
state of photosynthesis in intense light). 
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, The concentration of the complex, {CO^j, is of the same order of 
magnitude as that of chlorophyll. (Chlorophyll constitutes as much as 
5% of the dry weight of Chlorellay cf, page 411, corresponding to an 
average concentration of about 0.01 mole per liter.) However, the 
acceptor is not chlorophyll, for the aqueous cell extract (which contains 
all radioactive carbon) is colorless. Furthermore, cells wdtli different 
chlorophyll concentrations show no differences in C’^ 02 -absorbing ca- 
pacity, and etiolated plants also are able to absorb carbon dioxide. 

Frenkel (1941) exposed Nitella plants to C'^02 for 25 minutes, and 
disintegrated the cells in 0.5 M glucose solution (Nitella cells disintegrate 
without grinding). He separated the cell sap and the cytoplasm from 
the (mostly intact) chloroplasts by centrifuging, and tested the activity 
of different fractions (after preliminary boiling wuth 12 iV' hydrochloric 
acid for the removal of carbonates). Surprisingly, no activity was 
found in the chloroplasts; 90% of the total activity wms found in the 
colorless supernatant solution. When similar plants were exposed to 
radioactive carbon dioxide in lights four-fifths of the absorbed activity 
were found in the chloroplast fraction, and the active substance could not 
be extracted by a 0.5 M glucose solution, Nitella cells, cruslied before 
exposure to radioactive carbon dioxide, formed none of the acid-resistant 
carbon dioxide complex whether they were exposed in dark or in light. 
When intact cells were first exposed to C*02 in the dark and then crushed 
and exposed to light, no transfer of activity from the aqueous phase 
into the chloroplasts could be observed. 

Thus, it appears that the carbon dioxide acceptor is either only 
loosely bound to the chloroplasts (so that it can be removed by a short 
contact with glucose solution) or, more probably, is not contained in the 
chloroplasts at all, but rather in the cytoplasm or in the cell sap. Further- 
more, intact cells seem to be a prerequisite both for the formation of 
{ CO 2 } and for its reduction in light. 

The following information was obtained by Ruben and coworkers as 
to the chemical nature of the carbon dioxide-acceptor complex in Chlorella 
cells. Over 70% of the active substance is precipitated by barium ions 
in 80% ethanol, and 30-50% of the active barium salt is transformed 
into carbonate by dry distillation. The theoretical value for complete 
decarboxylation of a barium salt of a carboxylic acid, with C* located 
in the carboxyl group, is 50%. It thus seems that most, if not all, of 
the carbon dioxide in the {CO 2 } complex is contained in a carboxyl 
group. In addition to the carboxyl group, the complex apparently 
contains one or several hydroxyl groups, whose presence was indicated by 
the Schotte-Baumann test (esterification with benzoyl chloride and 
extraction of the active esters with chloroform)."* More recently (1943), 
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Ruben suggested that the acceptor compound may be an aldehyde, and 
and formulated the complex, {CO 2 }, as RCOCOOH. 

Attempts to identify the complex by coprecipitation with one of the 
familiar plant acids (ascorbic, citric, fumaric, maleic, succinic, oxalic, or 
tartaric) gave no positive results. This appears understandable in the 
light of the results obtained by the ultracentrifugation of the acth^e 
solution. According to Ruben, Kamen, and Perry (1940), the radioactive 
product (obtained by the exposure of Chlorella for 20 minutes to in 
the dark) has a sedimentation constant of 8.6 X or four times that 

of sucrose, indicating a molecular weight of about 1000. Ruben and 
Kamen ( 1940 ) have also measured the diffusion coefficient of the radio- 
active complex, and found D = 0.44 X lO^^ cm.^sec.; from this they 
estimated the molecular weight as being close to 1500. 

From all these experiments, Ruben and Kamen concluded that the 
first step in photosynthesis is an enzymatic carboxylation of a colorless 
molecule whose size and concentration is similar to that of chlorophyll. 
We may add to this that FrenkeFs experiments indicate that this car- 
boxylation takes place outside the chloroplasts. 

Smith and Cowie (1941) also observed the absorption of radioactive 
carbon dioxide by plants in the dark. They used sunflower leaves and 
found that radioactive carbon dioxide can be used for the study of the 
carbon dioxide-bicarbonate equilibrium, as well as that of the {COaj 
formation. I Their results discussed on pages 192 to 195 have been 
confirmed; and, as a new result, Smith and Cowie found that some 
carbon dioxide is retained by the leaves upon acidification (in agreement 
with Ruben^s observations on Chlorella); the acid-resistant complex 
accounted for about 0.3 ml. carbon dioxide per 10 g. fresh leaves. This 
absorption is almost entirely absent in frozen leaves, but freezing after 
absorption does not destroy the complex. This indicates that freezing 
affects the enzymatic system which catalyzes the carboxjdation reaction. 
The authors confirmed also the observation of Ruben and co workers 
that repeated evacuation and exposure to C *02 increases the amount of 
absorbed activity (e. g,, from 0.03 to 0.08 ml. in 1.3 g. leaves, after three 
evacuations). The concentration of the acceptor in the leaves (assuming 
a stoichiometric ratio of acceptor : carbon dioxide as 1 : 1) is 4 to 
5 X mole per liter, that is, it is similar to the concentrations of 
chlorophyll in sunflower leaves (which is 3 to 6 times smaller than in 
Chlorella eeih) . 

jThe radioactive complex, {€* 02 }, formed in the dark is used up 
afterwards in light, thus confirming the assumption that its formation is 
a preparatory step in photosynthesis.! 

There is no reason why the formation of the complex, {CO 2 I, should 
not also be detectable by ordinary analytical methods. However, ob- 
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servations of this kind have been made only accidentally ^ in the kinetic 
studies of photosynthesis, when conditions were such that the acceptor 
became ^Menuded^ of carbon dioxide (because the eii.^symatic formation 
of the complex did not hold step with the consumption of carbon dioxide 
by photosynthesis). Under these conditions, a, cessation of illimiiiiation 



Fio. 22.“-Time course of carbon dioxide assimilation at 16° and 26° C, for four 
light intensities. The ^'pickup” in the dark appears at the two higher light intensities 
(after Mcxilister 1939). 

was followed by a carbon dioxide absorption in the dark, which lasted 
for seconds or even minutes. This phenomenon, called the ''pickup,” 
was observed by McAlister (1939), McAlister and Myers (1940) and 
Aufdemgarten (1939), who have followed photosynthesis by registering 
continuously the consumption of carbon dioxide, rather than (as is 
usually done) the evolution of oxygen. 
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Figure 22 taken from McAlister's paper on wheat, illustrates the 
pickup phenomenon. The ordinates represent the transmission of the 
gas at 4.25 m/i: the higher the ordinate, the smaller the concentration, 
[CO 2 ]. The first, downward section of the curves represents the increase 
in [CO 2 ] in the dark caused by respiration; the upward section shows the 
decrease in [CO 2 ] in light through photosynthesis. At the beginning of 
the upward section, an induction period of the order of 1 to 2 minutes is 
visible on all curves; at the end of the upward section, when illumination 
stops, respiration usually immediately succeeds photosynthesis. How«i 
ever, on the curves which correspond to the strongest illumination, the 
absorption of carbon dioxide continues for about 20 seconds in the dark.# 

The maximum amount of pickup after very intense photosynthesis 
was about one-half molecule of carbon dioxide per molecule of chlorophyll, 
i. c., of the same order of magnitude as found by Ruben and Smith for 
the binding of radioactive carbon dioxide in Chlorella and sunflower leaves. 

The pickup was observed also by McAlister and Myers (1940) with 
a different experimental setup (cf. Vol. II, Chapter 33). This time, no 
pickup was found at the high (saturating) concentrations of carbon di- 
oxide, eve]| in strong light, but positive results w^ere obtained at low 
(limiting) (JO 2 concentrations. The duration of the pickup was found to 
increase with decreasing concentration, reaching a full minute at 0.006% 
carbon dioxide. 

Similar observations were made by Aufdemgarten (1939) with Sti- 
chococcus bacillaris. He noticed that the pickup is slowed dowm by the 
presence of cyanide, e. g., from 30 to 150 seconds in a 1 X 10”^ M potas- 
sium cyanide. 

It seems that the pickup occurs whenever the concentration of the 
complex, {CO 2 }, is depressed, either because of the high rate of its 
utilization by photosynthesis (McAlister), or because of the low rate of 
its replacement, the latter being caused either by a low concentration of 
carbon dioxide (McAlister and Myers), or by an inhibition of the cata- 
lyst Ea by cyanide (Aufdemgarten). 

Another kinetic observation,’ which must be mentioned here is the 
^^carbon dioxide gusli" observed by Emerson and Lems (1941) in thej 
first few minutes of illumination of Chlorella. It was followed, in thej 
dark, by a slow absorption of a quantity of carbon dioxide roughly 
equivalent to that lost in the gush. The details of this phenomenon will 
be discussed in chapter 33 (Vol. II), dealing with the induction phenom- 
ena. The total volume of the gush is about 0.2 ml. per ml. of cell volume; 
it can thus be attributed to a photochemical decomposition of the 
complex {CO 2 I . (Details of this explanation, given by Franck in 1942, 
were discussed in chapter 7, page 167.) The reabsorption of carbon di- 
oxide in the experiments of Emerson and Lewis is very slow (it may 
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require for completion 30 to 60- minutes). The implications of this fact 
have been mentioned before (page 203). 

5. Carbon Dioxide Fixation by Heterotrophants 

We found in the preceding section that, despite the difficulties 
encountered in attempts to reverse the decarboxylation of carboxylic 
acids in vitro in neutral media, carbox 3 dation represents the most probable 
primary carbon dioxide fixation mechanism in photosynthesis. In 
addition to the direct evidence in favor of this theory, obtained in 
experiments with radioactive carbon, we wdll now mention indirect argu- 
ments provided by an increasing variety of nonphotochemieal metabolic 
processes. In these processes, carbon dioxide plsijB an unexpectedly 
active part, and they are best explained the incorporation of carbon 
dioxide into carboxjdic groups. Until a few j^ears ago, carbon dioxide 
was considered as an ^finert^^ gas for all heterotrophants (even though 
it was known that many life processes, such as the germination of seeds, 
are inhibited by the total absence of this gas); but lately, examples of 
nonphotochemieal carbon dioxide assimilation have multiplied rapidly, 
and have spread from the world of bacteria into those of the higher plants 
and animals. 

The simplest case of carbon dioxide fixation by carbox^dation is the 
synthesis of formic acid, e. g. (in alkaline solution) : 

(8.34) Ha + HCOr HCOO- + HaO + 3 kcal 

The standard free energy of this reaction is AF == +0.9 kcal according 
to table 8. VIII (—0.4 kcal according to the calculations of Woods 
1936). Of all carboxylations, it has the most valid claim to being 
considered as a reduction of carbon dioxide because it involves a complete 
hydrogenation of a C==0 double bond, with one hydrogen atom becoming 
bound to oxygen and another to carbon. 

In a formate solution which is in contact with air, reaction (8.34) 
will proceed in the direction of decarboxylation, but under sufficiently 
high partial pressures of hydrogen and carbon dioxide, this process can 
be reversed. Escherichia coU, which was shown by Stephenson and 
Stickland (1932, 1933) to bring about decarbox^dation of formic acid, 
was proved by Woods (1936) to be capable of catalyzing the reverse 
reaction as well. Woods measured both the absorption of hydrogen 
and the formation of formic acid. The reaction is poisoned by cyanide 
(from iO""® moles/1, on) and by narcotics (toluene, chloroform). It 
tends to an equilibrium, from whose position a standard free energy of 
—0.17 kcal was calculated by Woods, in satisfactory agreement with 
the values quoted above (+ 0.9 or — 0.4 kcal) derived from nonbio- 
logical measurements. 
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Another example of biological carbon dioxide fixation by carboxylatioii 
is provided by the propionic acid bacteria^ studied by Wood and Werkman 
(1936, 1938^' ^ 1940^*^), Phelps, Johnson, and Peterson (1939), Carson 
and Ruben (1940), and Carson, Foster, Ruben, and Barker (1941). ^ In 
the absence of carbon dioxide, these bacteria convert glycerol into 
propionic acid by dehydration : 

(8.35) CsHsCOHls CaHsCOOH + H 2 O 

In the presence of carbon dioxide, the products include succinic acid, 
CH 2 (C 00 H) 2 , apparently formed by carboxylation of an intermediate 
Cs product. If radioactive carbon dioxide is used, the activity is found, 
after the reaction, in the carboxylic groups of both propionic and succinic 
acid. 

Numerous other examples of biological CO 2 uptake by bacteria, 
plant tissues (for example, ground barley roots), and animal tissues 
(pigeon and rat liver) have been found since 1935 ; many of them probably 
involve carboxylations, although some may be true reductions. 

Van Niel, Ruben, Carson, Kamen, and Foster (1942) suggested that 
biological carboxylations are essential for growth and respiration because 
they contribute to the synthesis of the C 4 acids (fumaric, malic, succinic, 
oxalacetic), which play an important part in respiration (and perhaps 
also in photosynthesis). 
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Chapter 9 


THE NONPHOTOCHEMICAL PARTIAL PROCESS 
IN PHOTOSYNTHESIS 

IL REDUCTION OF CARBON DIOXIDE* 

This chapter is based on the assumption that the reduction of the 
complex, {CO 2 }, is a nonphotochemical process involving an intermediate 
reductant (designated as {Hj or HX in Chapter 7), and not a direct 
photochemical reaction with reduced and excited chlorophyll, as postu- 
lated in the theory of Franck and Herzfeld. 

In chapter 4, we stated that carbon dioxide, as well as the carboxyl 
group, can be reduced in vitro only by means of strong reductants which 
are unlikely to occur in living cells. However, the example of autotrophic 
bacteria shows that organisms can produce agents capable of reducing 
carbon dioxide, even without the help of light. We have as yet no 
knowledge of their nature, but we may assume as a possibility — perhaps 
even as a probability — that the same reductants are responsible for the 
reduction of carbon dioxide in the photosynthesizing higher plants as well. 

To understand the thermodynamic difficulties of the reduction of 
carbon dioxide (or of the carboxyl group), it is useful to review some 
fundamental facts of the thermochemistry of organic compounds. 

1. The Standard Bond Energies 

The energy of a homopolar single bond is, to a first approximation, 
independent of the nature of other groups to which the bonded atoms 
are attached, and the energy content of a nonionic molecule is, to the 
same approximation, the sum of these bond energies. However, second- 
ary influences often cause considerable deviations from additivity. For 
example, the standard energy of an oxygen-hydrogen bond is 110 kcal, 
one-half the total energy of the water molecule. However, the energies 
of dissociation of OH into 0 and H and of H 2 O into OH and H, are 
known separately ; and it turns out that 117 kcal is liberated in the 
formation of the first OH bond, and only 104 kcal in that of the second 
one (probably because of the mutual repulsion of dipoles associated with 
the oxygen-hydrogen bonds). 

^Bibliography, page 244. 
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Table 9.1 

Energy of Dissociation of RH into R + H at Room. Temperature 


In'i'estigator 

aH|:j 

kcal/moie 

Butler and Polaiiyi (1940); Baughan and Polanyi (1940) 

103.6 

Anderson, Kistiakowsky, and van Artsdalen (1942) 

102 (R = Me), 


98 (R = Et) 

Stevenson (1942) 

101 (R = Me). 


96 (R = Et) 


The energy of the last carbon-hydrogen bond in saturated hydro- 
carbons has been derived from experimental results (Table 9.1) and is 
close to 100 kcal. The energies of the other C — H bonds are not known 
separately, but their average strength can be calculated from the heat 
of formation of methane — ^if an assumption is made concerning the heat 
of sublimation of carbon, Fc. From spectroscopic considerations, the 
two values, Fc = 123 and 168 kcal per mole, have been derived as possible 
alternatives. Pauling (1940) thought the smaller value more plausible, 
while Baughan (1941) and Kynch and Penney (1941) argued in favor of 
the larger one. In Pauling's system, the average strength of the four 
C — H bonds in methane is 87 kcal, and thus considerably smaller than 
the energy of dissociation of methane into CHs and H; with Fc = 168 
kcal, it becomes equal to 98 kcal, and thus practically identical with the 
methyl— hydrogen bond energy. However, even if the larger value is 
correct (Herzberg, in 1942, again advocated the alternative Fc = 123 
kcal, and C— H = 87 kcal) this does not mean that all four stages in the 
dissociation of CH4 require the same energy; rather, the equality of the 
strength of the last bond and of the average of all four of them must 
be considered as coincidental. 

In the estimation of the heats of reactions, any consistent set of bond 
energies can be used, since the value of Fc cancels out in the calculation. 

The greatest deviations from additivity are caused by double bondSy 
which may be either weaker or stronger than two single bonds, and whose 
strength is affected by conjugation and other resonance phenomena. 

Table 9. II contains bond energies, based on Fc = 168 kcal, which may 
be useful in the discussion of the chemical mechanism of photosynthesis. 

2« Reduction Level and Energies of Combustion, Dismutation, 

and Hydration 

Table 9.II shows that all bonds directly involved in photosynthesis 
have strengths between 75 and 100 kcal, with the exception of the 
0 H bond, which is the strongest single bond in existence, and the 
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Table 9.II 


Bond Energies in kcal/mole at 291° K.“ 


Bond 

Energy liberated, 
kcal/mole 

From the heat 
of formation of 

0— 

no 

H2O 


98 

GH4 

N— H 

84 

NH3 ■ 

0—0" 

36 

H2O2 

G— 0 

77 

CH3OH 

c==o 

2 X 82 

1 CH2O 

0— G=0‘' 

3 X 90 

1 HCOOH 

o=c==o/ 

4 X 95 

i CO2 

C— 

78 

1 C2H6 

c=c 

2 X 70 

C2H4 

0 

t 

0 

II 

0 

3 X 79 

CeHs 

G— N 

57 

CH3NH2 


"Calculated with. P’’c = 168, D (Ha) — 103, D (Oa) =118 and D (Ns) = 170 kcal/mole, from heats 
of formation given by Biehowsky and Rossini (1936). 

6 The energy of dissociation of OH into O and H is 117 kcal; the same value is obtained for the OH 
bonds in H 2 O 2 , if one assumes O — O = 22 kcal (c/. footnote d). 

c If one assumes C — C = 86 kcal (c/. footnote g), one obtains 96 kcal for the C — H bond in etiiaae. 

^ The actual energy of dissociation of H 2 O 2 into two OH radicals in 22 kcal. The value in the table 
is obtained by assigning the standard value (110 kcal) to the O — H bonds in hydrogen peroxide. 


« Stabilized by resonance, mainly between — C 


^ and 


/Resonance mainly between 0=0=0, O+sCO” and 0" — CsO+. 

t^The actual energy of dissociation of C 2 HG into 2 CHs is 86 kcal; the value in the table is based on 
C— H = 98 kcal. 

A One-third of the energy of the ring system in benzene, calculated with C — H = 98 kcal. 


Footnotes h, c, d, and g illustrate the discrepancies between the ‘^standard^’ bond 
energies and the actual energies of dissociation. There is, however, no way of improving 
table 9.11, without assigning different values to the same bond in different compounds. 
For example, if the energy of dissociation of H 2 O 2 into two OH radicals (22 kcal) were 
adopted as the strength of the 0 — 0 bond, one would obtain 117 kcal for the strength 
0 ! the average O— -H bond in hydrogen peroxide, while the strength of the same H bond 
in water is only 110 kcal. Similarly, if one would adopt the dissociation energy of 
C 2 H 6 into two GHs radicals (86 kcal) for the strength of the C — C bond, this would 
give 96 kcal for the average strength of a C— H bond in ethane, as against 98 kcal in 
methane. Multiplicity of bond values would defeat the purpose of a standard bond 
table, which is to provide a means for rapid — even if approximate — evaluation of the 
energy content of different molecules. 

0—0 bond, which is among the weakest ones. The strength of 0— H 
bonds and the weakness of 0 — 0 bonds are the two reasons why photo- 
synthesis is strongly endothermal : in the synthesis of a — CHOH group 
and of an oxygen molecule from CO 2 and H 2 O, one 0 — H bond disappears 
and one 0=0 double bond is created. 

According to table 9. II, the oxidation of a C- — H bond by molecular 
oxygen to carbon dioxide and water should liberate 48 kcal; and that of 
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a C— C bond, 53 kcal a^yproxwiation, we may thus expect 100 

koal to be released by the complete combustion of carbon— ox^^-gen-^ 
hydrogen compounds (excepting the peroxides) for each oxygen molecule 
consumed, in this process. 

The ratio of the number of oxygen molecules consumed in the com- 
bustion of an organic molecule to the number of carbon atoms in it was 
designated on page 109 as the reduction level/^ and the following 
equation was given for its calculation: 

(9.1) L 

nci and no being the numbers of carbon, h 3 ^drogeii, and oxygen 
atoms, respectively. We now" see that the heat of combustion of an 
organic compound is determined, in the first approximation, by its 
reduction level. If the heats of combustion of a number of organic com- 
pounds, reduced to one gram atom of carbon, are plotted against L, the 
points fall near a straight line, with a slope of about 110 kcal (c/. Fig. 23). 



Fig. 23. — ^Heats of combustion of carbon-liydro- 
gen-oxygen compounds per gram atom of carbon as 
a function of reduction level L. 


The difference between this value and the expected slope of 100 kcal is caused by 
the fact that, in the second approximation, C — O bonds contribute up to 20 kcal to the 
heat of combustion, because of thp extent to which they are stabilized in carbon dioxide 
(the average strength of a C— 0 bond in CO 2 is 95 kcal, as against only 77 kcal in alcohols, 
82 kcal in aldehydes, and 90 kcal in carboxylic acids). 
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DismutationSj isomerizations and hydrations do not change the over- 
all reduction level of the reacting system and should therefore have 
but small heat effects. However, because of the variations in the 
strength of C— 0 bonds mentioned above, the energies of some dismu- 
tations and isomerizations reach — 10, or even — 20 kcal, as illustrated 
by table 9.III. The same effect explains why the energy of carhoxylation 
(RH + CO 2 — ^ ^ RCOOH) is almost zero (c/. Table 8.111), instead 

Table 9.III 

Total Energies, AH, and Free Energies, AF, of Some Dismutations, 
Isomerizations and Hydrations 


Type of 
reaction 

Reaction 

AE 

AF 

Dismu- 

tation 

2 Methyl glyoxal (L) > pyruvic acid (i.) + 

glycerol (1.) ; 

2 Formaldehyde (aq.) > formic acid (aq.) •+ 1 

methanol (aq.) I 

2 Acetaldehyde (aq.) > acetic acid (aq.) + 

methanol (aq.) 

Glucose (s.) > 2 ethanol + 2 carbon dioxide (g.) ! 

- 4 ; 

-11 

-20.6 

-11 

-20 

—55 

Isomeri- 

zation 

Glyceraidehyde (s.) > lactic acid (s.) 

-12 1 


Hydra- 

tion" 

j 

Fumaric acid (s.) + water > malic acid (s.) 

Fumarate (aq.) + water > malate (aq.) 

Pyruvate (phosphate)" (aq.) + water > 

glycerate (phosphate)" (aq.) 

o o 

- 2.9 
0.7 

0.6 


® Hydration of — -C =0 to — C(OH )2 is also known to occur with a very small thermochemical effect, 
so that a carbonyl group in aqueous solution often reacts as a dihydroxyl group. 


of being negative (as it should be because of the greater strength of the 
0—H bonds compared to C — H bonds). 

These considerations do not apply to free radicals^ whose dismutatioii 
into saturated molecules may liberate very large amounts of energy 
(c/. section 6). 

The heats of polymerization of carbohydrates can be derived from 
table 3.V, and are very small. 

3. Energies of Hydrogenation and Oxidation-Reduction Potentials 

According to table 9.II, the energy of hydrogenation of a standard, 
nonconjugated C=C double bond by molecular hydrogen is —30 kcal 
and that of a C=0 bond, -^17 kcal, while the hydrogenation of a C — C 
single bond should liberate 15 kcal. Exanlples 1, 2, 3, 4, 8, 9, 10, 12, 
and 13 in table 9.iy illustrate the approximate validity of these estimates. 
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Table 9JY 


Total Efbbgibs, aF, and Fbeb Energies, aF, op IIydrogenation « of C— C 
AND C— 0 Bonds and the Corresponding Oxidation-Reduction 
Potentials, Eq (at pH 0) and E(/ (at pH 7) * 


Example ■ 
no. 

A 

(oxidant) 

Am 

(reductant) 

AH 

keal 

AF, 

kcal 

(298° K.) 

Eo, 

volt 

W 

(pH 7), 
volt 



I. C—C Bond 





la 

Succinic acid (s.) 

2 Acetic acid (1.) 

- 8.2 

-10.2 

( -0.22) 

(+0.20) 

lb 

Succinate (aq.) 

2 Acetate" (aq.) 


-14.4 

( -0.30) 

(+0.12) 



II A. C=C Bonds 





2 

Ethylene (g.) 

Ethane (g.) 

-32.6 

-24.4 

(-0.53) 

(-0.10) 

3a 

Fumaric acid (s.) 

Succinic acid (s.) 

-31,2 

—22.1 

(-0.48) 

(-0.06) 

3b 

' Fumarate-“ (aq.) 

Succinate"- (aq.) 


-2o!5 

-0.45 

-0.03 

4 

Cyclohexene (g.) 

Cyclohexane (g.) 

-29.1 

-1S.4 

( -0.40) 

(+0.02) 



IIB. C=C— C=C Group 




5 

Cyclohexadiene (g.) 

Cyclohexene (g.) 

-26.0 

-17,7 

(-0.39) 

(+0 03) 

6 

Furan (g.) 

Dihydrofuran (g.) 

-11.4 

- 2.5 

( -0.06) 

(+0.36) 

7 

Benaene (g.) 

Cyclohexadiene (g.) 

+ 5.8 

+13.6 

(+0.30) 

(+0.72) 



IIIA. C==0 Bonds 





8a 

Formaldehyde (g.) 

Methanol (g.) 

-19,7 

-12.S 

(-0.28) 

(+0.14) 

Sb 

Formaldehyde (aq.) 

Methanol (aq.) 


- S.7 

(-0.19) 

(+0.23) 

9a 

Acetaldehyde (g.) 

Ethanol (g.) 

-13.0 

- 6.7 

(-0.15) 

(+0.27) 

9b 

Acetaldehyde (aq.) 

Ethanol (aq.) 


- S.3 

-0.20 

(+0.22) 


c=o 

IIIB. 1 Gboup 
HO— C=0 


10a 

Pyruvic acid (1.) 

Lactic acid (1.) 

-21.5 




10b 

Pyruvate" (aq.) 

Lactate" (aq.) 

-18.4 

-11.0 

-0.24 

+0.18 

11 

12 1 

13 1 

Oxalacetate-" (aq.) 

Acrolein (1.) 1 

Benzaldenyde (1.) | 

Malate— (aq.) 

me. G=C— C=0 Group 

Allyl alcohol (1.) j 

Benzyl alcohol (L) | 

o 

HID. C— OH Group 

-19.4 1 
-18.5 i 

-15.5 

1 

-0.33 

+0.10 

14a 

Formic acid (g.) 

Formaldehyde (g.) + 
water (g.) i 

+ 2.2 

+ 1.9 

(+0.04) 

(+0.40) 

14b 

Formic acid (aq.) 

Formaldehyde (aq.) + 1 

water (1.) 


+ 0.4 

(+0.01) 

(+0.43) 

14c 

Formate- (aq.) + 
H'^aq. : 

Acetic acid (g.) 

Formaldehyde (aq.) + 
water (1.) 


- 4.7 

i 

(-0.10) 

(+0.53) 

15a 

Acetaldehyde (g.) + water (g.) 


+ 4.7 I 

(+0.10) 

(+0.52) 

15b 

Acetic acid (aq.) 

Acetaldehyde (aq.) + 
water (1.) 

+ 4.5 ; 

+ 5.9 : 

(+0.12) 

(+0,54) 

15c 

Acetate" (aq.) + 

Acetaldehyde (aq.) + 
water (1.) 

HIE. O^C=0 Group 

- 4.7 

- 0.6 

(-0.01) 

(+0.62) 

16a 

Carbon dioxide fg.) 

Formic acid (g.) 

+ 5.8 

+12.0 

(+0.26) 

(+0.68) 

16b 

Carbon dioxide (aq.) 

Formic acid (aq.) 

- 1.0 

+ 6.4 

(+0.14) 

(+0.56) 

16c 

Carbon dioxide (aq.) 

Formate" (aq.) + H+aq . 

- 6.7 

, +11.5 

(+0.25) 

(+0.46) 

16d 

Bicarbonate- (aq.) 

Formate" (aq.) + water (1.) 

- 3.6 

+ O.S 

(+0.02) 

(+0.44) 

16e 

Carbonate — (aq.) + 

Formate" (aq.) + water (1.) 

- 7.9 

■' -13,3 

(-0.30) 

(+0.33) 


“ Cf. bibliography on page 245, 

^ The sign of the potential is chosen here to coincide Arith the sign of the change in free energy'- upon 
reaucfton. In European literature, a reverse convention prevails, with positive potentials assigned to 

strong rathgir than, as here, to strong 
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As stated above^ the C — 0 bond is stabilized in the carboxyl group 
and still more in. carbon dioxide. As a result, the energy of hydro- 
genation of C=0 bonds in carboxylic acids and in free carbon dioxide 
is positive (cf. examples 14a, 15b, 16a). Carbon-carbon double bonds 
also can be stabilized by resonance, which is commonly brought about 
by a conjugation of several such bonds. The effect on the energy of 
hydrogenation is illustrated by examples 5, 6 and 7. Conjugation be- 
tween a C==0 and a G=C bond has no marked effect on the hydro- 
genation energy of the former (cf, examples 12 and 13). (A stabilizing 
effect of this conjugation on the carboxyl group was noticed on page 184.) 
As a result of resonance stabilization, the molecules CeHe and CO 2 are 
more difficult to hydrogenate than all other compounds in table 9.IV. 

The thermodynamic measure of oxidizing power is the free energy, 
rather than the total energy of hydrogenation. Table 9.IV shows that 
AF of hydrogenation by molecular hydrogen usually is more positive 
than the total energy of the same process, by as much as 5 or 10 kcal, 
because this reaction is associated with the disappearance of a gas (H 2 ). 
Large deviations from this rule may occur in the hydrogenation of ions 
(in system No. lb, for example, an increase in entropy is caused by the 
conversion of one divalent ion into two monovalent ions). 

Instead of the free energy of hydrogenation, the oxidizing power often 
is characterized by the oxidation-reduction potential, Eq, These poten- 
tials can be measured directly only for electrode active systems, f. a., 
for compounds which can be reduced or oxidized electrochemically at a 
reversible electrode. Values measured in this way are shown by italics 
in table 9.IV. For all other oxidation-reduction systems, the oxidation- 
reduction potentials can be calculated from the free energy of hydro- 
genation, AF, by means of the relation 

(9.2) Eo = AF/23.06 n (pB. = 0) 


23.06 is the factor which converts electron-volts into kcal /mole, wffiile 
the factor n (n == 2 for all examples in Table 9.IV) is the number of elec- 
trons which take part in the transformation. 


Tkis may be the appropriate place for a remark on the relation between hydro- 
genation, oxygenation, and electron transfer in oxidation-reduction reactions. In 
chapter 3, photosynthesis was described as hydrogen transfer from water to carbon 
dioxide, and in chapter 5, a similar definition was applied to bacterial photosynthesis. 
Some bacterial reductants {e. g., sulfur) do not contain any hydrogen, while others 
(e. g., sulfite) are unlikely to yield it. It is easy to show that electron transfer, combined 
with acid-base equilibria, is equivalent to hydrogen transfer: 


(9.3a) 

A4-B-- 

(9.3b) 

v",A“:+,H+ 

(9.3c) 

BH- 

(9.3) 

■ a + bh- 


— -1-B 

— »AH . 

^ 4- H+ 


^ AH + B 
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By this combinatioE of elementary processes, it is possible to achieve the hydro- 
genation of an oxidant even if the reductant is unable to donate hydrogen ato,ins, for 
example: 

(9.4a) A + IS + 

(9.4b) A--* + 2 > H2A 

(9.4c) 2 H2O ^ 2 + 2 OH- 

(9.4d) §S«-^4-2 0H“ ^|H2S04 + !H20 

(9.4) A + iS-flHsO >H2A + |H2S04 

Similarly, the oxidation of sulfite to sulfate can be brought about by the loss of two 
electrons and addition of two hydroxyl ions. 

The transfer of hydroxyl radicals can be brought about by a transfer of electrons 
and recombination with hydroxyl ions. The exchange of hydrogen atoms for hydroxyl 
radicals (once postulated by Franck as the primary process in photosynthesis, cf. page 
151) is equivalent to the simultaneous transfer of two electrons, combined with the 
adjustment of acid-base equilibria: 


(9.5a) 

AH + BOH 

AH++ + BOH— 

(9.5b) 

AH-^+ -f OH- — 

> AOH + H*^ 

(9.5c) 

BOH—-HH+ — 

> BH -f OH- 

(9.5) 

AH -h BOH 

-4BH + AOH 


The free energies of reduction, listed in table S.IV, are based on the conception 
that reduction is a transfer of hydrogen atoms; in cases in which this transfer is coupled 
with a change in acid dissociation (e. g. 14c, 15c, and 16e), the free energy change includes 
a term corresponding to this dissociation, calculated for standard activity of the hydrogen 
ions {%. e.j for pH = 0). The oxidation-reduction potentials, on the other hand, are 
based on the conception of reduction being primarily a transfer of electrons. If this 
transfer is associated with the addition or loss of hydrogen ions (hydrogenation being 
interpreted as a transfer of an equal number of electrons and ions), the normal 
potentials are dependent on pH. Thus, the potential of a hydrogen electrode (H2/2 H'^) 
increases, at 25° C., by 0.60 volt for each pH unit, and is, in neutral solution (pH 7), 
0.42 volt higher than at pH 0. The potentials of systems whose reduction consists in 
the addition of hydrogen atoms (without binding or loss of ions) change with pH 
in the same way as the potential of the hydrogen electrode. In table 9. IV, the Eq 
values have been calculated from the free energies of hydrogenation by means of equation 
(9.2), and the Eq' values of systems which do not change their acid dissociation upon 
hydrogenation, by the addition of 0.42 volt to Eq. 

For systems whose hydrogenation involves a change in ionization, the oxidation- 
reduction potentials increase more (or less) rapidly than the potential of the hydrogen 
electrode. For example, the potential of system No. 16c increases at the rate of 0.03 
volt per pH unit only (because one hydrogen ion is liberated upon reduction) ; while 
the potentials of the systems carboxyl anion-carbonyl (14c and 15c, Table 9.IV) must 
increase at the rate of 0.09 volt per pH unit, because one hydrogen ion m hound simul- 
taneously with the addition of two hydrogen atoms. 

Since most tissues are approximately* neutral, the best measure of 
the oxidizing or reducing power of different agents in vivo is given by 
their potentials at pH 7. Thus, we gain an adequate conception of the 
thermodynamical difficulty of the reduction of carbon dioxide or of the 
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carboxyl group in vivo, by noting that the reduction of bicarbonate to 
formte in neutral solution, requires a potential in excess of 0.44 volt, 
and the reduction of formate to formaldehyde (also in aqueous solution), 
a Dotential of at least 0.53 volt. 

^Of all the systems listed in table 9.IV, only one (benzene-cyclo- 
hexadiene) has a more positive potential than the carbonyl-carboxyl 
svstem. Thus, a reductant whose reduction creates an aromatic system 
should be thermodjmamically able to reduce bicarbonate or carboxyl 

even without the help of light. _ . . 

■^hile C=C and C=0 double bond compounds are important in 
biochemistry as substrates of metabolic oxidation-reduction processes, 
other systems are of greater importance as intermediary oxidation- 
reduction catalysts, for example, the quinonoid-benzenoid systems, the 
pyridine-pyridinium systems, the sulfhydryl-sulfide systems and the 


ferri-ferro complex systems. 

The property which makes all these compounds catalytically active, 
is their capacity for reversible reduction (or oxidation), i. e. their property 
of being reduced (or oxidized) at room temperature by any other (equally 
reversible) reductant (or oxidant) of more positive (or more negative) 
potential. This reversibility is often associated with electrode activity, 
i e., capacity of being oxidized (or reduced) by an inert electrode of 


appropriate potential. 

Much confusion is caused by the twofold use of the term reveisi- 
bility.” In addition to its use in the sense defined above, the adjective 
^^reversible^' is often used to mean that a reaction can actually be made 
to proceed in both directions. In the first sense, reversibility is a kinetic 
term (meaning absence of a large uctivcttiou energy) j in the second sense, 
it is a static term, meaning that the free energy of a reaction is so small 
that a moderate change in temperature or concentration, is sufficient to 
cause it to change its sign. Catalysts can improve kinetic reveisibility, 
but cannot affect the static reversibility. 


In the quinonoid—benzenoid systems, the reductant (e. liydroquinone) has an 
aromatic structure, while the oxidant {e. g. benzoquinone) is stabilized by a different 



type of resonance, (which accounts for the dyestuff character of quinonoid compounds, 
c/. Vol. II, Chapter 21, and is illustrated by the structures A, B, and C). 
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■The aromatic”, stabilization of the rednctant (h^^'droqniiione) ten.ds to make qui- 
nones strong oxidants, but the efficient resonance stabilization of the oxidant (quinone) 
connteracts this' tendency and allows the potential to increase, from - 0.36 volt for 
o-benzoqninone to as much as + 0.39 volt for rosmdoii.e sulfonate. 

Biocatalysts of the dye™leuco dye type have potentials up to + 0.18 volt (ribo- 
jflavin). .However, the potential of the latter compound decreases considerably when 
it is associated .with a protein, as in the ‘^yellow ferment” (En = + 0.06 volt). , 

- The action of oxidation-reduction biocatalysts derived from pyridine (‘‘pyridinium 
nucleotides”) is based on the transition: 

E,NH2+r=^^EHNH2 + H+ 

-2H 

They have potentials in the region of d- 0.25 tO'+ 0.30 volt (at pH 7). Similar systems 

+ 2H 

based on the oxidation of. the sulfhydryl group (RS — SR f=========^ 2 RSH) may have 

~2H 

potentials up to + 0.35 and 4- 0.40 volt (e. g, cysteine-cystine). 

. The normal potentials 'of systems based on the conversion of ferrous iron into 
ferric iron depend on the relative stabilization of the oxidant and reductant by complex 
formation. They .are as low as — 0.77 for nonassociated ions, and as high, as + 0.24 
volt for the system ferriheme-ferroheme, with hemoglobin and cytochrome c midway 
between these two extremes iE& — — 0.21 and' — 0.26 volt, respectively). No com- 
plex iron compounds are known which are thermodynamically capable of reducing 
carbon dioxide or carboxyl group in a neutral medium. 

In chapter 6, mention was made of hydrogenasef an enzyme capable of reacting 
reversibly with molecular hydrogen. The potential of this enzyme must be close to 
that of the hydrogen .electrode at pH 7, that is, + 0.42 volt. Its chemical nature is 
as yet unknown.- Its potential, although considerably higher than that of all kno.wn 
respiratory catalysts, is still hardly sufficient to reduce directly either carbon dioxide 
or a carboxyl group. . 

To, Slim' up: in. looking for a reductant which could serve for .a non- 
photochemical reduction of carbo.n dioxide or of a carboxylic acid in vivo, 
we .find ourselves facing the same difficulty as we did in' chapter 8, when 
searching for an appropriate acceptor' for" carbon dioxide: All compounds 
which are likely to occur in the cells appear thermodynamically incapable 
of performing the desired function. 

: : 4, Formation, of .Garboxyl Groups in Eespiration, 

The Role of Phosphorylation 

In the case of 'decarboxylation, we found that the least difficult to 
reverse are the biological decarboxylations which form a part of the 
respiration ' mech particularly that of oxalacetic acid. It may be 
of interest to look again at the mechanism of respiration and to inquire 
whether in this process the formation of carboxyl groups by the oxidation 
of carbonyl groups also approaches the ideal of reversibility. We may 
do this by considering schemes 9.1 and 9.II, which represent one of the 
several mechanisms of aerobic glucose metabolism in the muscle. 
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Oxalacofic 

decarboxylos© 


B ^ 


Glucose {CgH(2,OQ) 

2 Trjse {C^HgOj) 

(Glyceraldehyde) 


+ 2 H 2 O 


“4H 


•dehydrogenase — 0 ^ 


2 Glyceric acid (€31^504) 


1 

2 Pyruvic acid (enol) (CHj^COHCOOH) 
^a.Pyruvic acid (CH3COCOOH) 



Scheme 9J. — Respiration mechanism. 

Net reaction: CgHisOe -f 3 H 2 O > 3 CO 2 + 14 H 4* C 3 H 4 O 3 (pyruvic acid). 


In stage A of scheme 9.1, a hexose molecule is split into two molecules 
of a triose, which, in stage B, are oxidized to two molecules of pyruvic 
acid (via glyceric acid and enol-pyruvic acid). In stage C, a transfor- 
mation of two molecules of pyruvic acid leads to the regeneration of one 
of them, and the disintegration of the other one into three carbon dioxide 
molecules (liberated through the intermediary of specific ^ decarboxyl- 
ases ^0 Q-^d ten hydrogen atoms, which are transferred through specific 
^dehydrogenases” to oxygen as the final acceptor. 

(9.6) 2 CH 3 COCOOH > CHsCOCOOH 4 3 CO 2 4 10 {H } 

Not all details of cycle C have been worked out, and they may 
possibly vary from case to case; but scheme 9.II gives a simplified form 
of this cycle (based on suggestions by Thiinberg). 

According to schemes 9.1 and 9.II, carboxyl groups are created in 
respiration by the oxidation of glyceraidehyde to glyceric acid, and of 
acetaldehyde to acetic acid. The potentials of these carbonyl-carboxyl 
systems in neutral solution lie, according to table 9.IV, between + 0.5 
and 4 0.6 volt. The /dehydrogenases,” which accept the h 3 drogen 
atoms from glyceraidehyde and acetaldehyde, are pyridinium nucleotides, 
whose potentials lie between 4- 0.2 and 4- 0.3 volt. Thus, the hydrogen 
transfer from the aldehydes to the dehydrogenases should liberate a 
considerable amount of free energy, and thus be practically irreversible. 
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^.Pyruvic acid 

1 (recjenifrai'cd) 

Pyruvic odd 
{from triose) 
) 

Z . 

2 Pyruvic acid 

2 CH3-CO-COOH 

1 

2 Acetaldehyde 

2 CH3-CHO 

♦ [ 

0 

2 Acetic acid 

2 CH3 - COOH 

^ ,1. 

4 {h} 

l 

Succinic acid 
(CHa-COOH)^ 

a{H} 

ir 

Fumaric acid 

HOOC-CH=CH-COOH 

1 

2 {h} 

Waiic acid 

HOOC-CHOH-CH^- COOH 

- - L 


i 

Oxalacetic acid 

HOOC-CO'CHj-COOH 

V L 

Ifw} 


{CO;,} 


Scheme 9.11. — ^The Crdibasic acid cycle (net reaction 9.6). 

However, nature has found a way of conducting these two oxida- 
tions without a dissipation of energy— by coupling them with endergonic 
phosphorylations (i. e., transfers of phosphoric acid from orthophosphate 
to an energy rich^^ organic phosphate), or transphosphorylations (i e., 
transfers of phosphate from a low energy organic ester to a ^^high- 
energy’’ ester). 

The effect of phosphorylation is to destroy the resonance w^ich 
stabilizes the carboxyl group and thus to make its hydrogenation easier. 
Carboxyl phosphates belong to the ^'high-energy organic phosphates’’ 
which play an important role in the energy balance of many biochemical 
processes (c/. the reviews by Kalckar 1941, and Lipmann 1941). The 
hydrolysis of these esters liberates about 10 kcal per mole (while the 
hydrolysis of 'Tow-energy” phosphates has a heat effect close to zero). 
Carbonyl phosphates^ on the other hand, must be "normal” (since no 
resonance energy is gained by their hydrolysis) ; therefore, the reduction 
of a carboxyl phosphate to a carbonyl phosphate: 

' 0 , , OH 

(9.7) R— li— OH 2 PO 3 + 2 {H} )-R— CH 

OH 2 PO 3 

should require 10 kcal less total energy than the hydrogenation of a 
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free carboxyl to a free carbonyl. A corresponding difference probably 
exists also in the free energies of hydrogenation, with the consequence 
that the oxidation-reduction potentials of carboxyl phosphates must be 
more positive (probably by about 0.2 volt) than those of the correspond- 
ing free acids; this brings them into the region of -fO.S to -{-0.4 volt, and 
makes the reversal of their reactions with pyridine nucleotides or similar 
catalysts feasible. 

It was shown by Meyerhof, Warburg, and coworkers that, in conse- 
quence of the phosphorylation of glyceraldehyde, practically all the free 
energy of its oxidation by pyridine nucleotide is retained in the oxidation 
product (enol-phosphopj'-ruvate) ; and Lipmann has demonstrated a 
similar effect of phosphorylation on the transformation of pyruvic acid 
into carbon dioxide and acetic acid. Thus, both reactions by which 
carboxyls are created in schemes 9.1 and 9.II can occur without energy 
dissipation, the oxidation energy being “stored” in the phosphorylated 
oxidation products. 

The main purpose of this storage is to make possible the utilization 
of the oxidation energy by the contractile system. This is achieved by 
a transfer of phosphate from the oxidation product (e. g., enol-phospho- 
pyruvate) to adenosine diphosphate; the adenosine triphosphate formed 
by this transphosphorylation is decomposed back into adenosine di- 
phosphate and free orthophosphate by interaction with myosin (the 
protein of the muscle) ; in this process the stored energy is released and 
converted partly into heat and partly into mechanical work. Since both 
the oxidation and the transphosphorylation are reversible, the net rate of 
these processes is regulated by the rate of the terminal, exergonic, 
myosin-catalyzed dephosphorylation; in this way, the rate of respiration 
is accelerated or slowed down depending on the amount of work pei'formed 
by the muscle. 

Only 30-35 kcal out of the 330 kcal combustion energy available in a 
triose are stored in the three high-energy phosphate molecules created in 
the two oxidation steps considered above. The other 90% are liberated 
in subsequent reaction steps, that is, according to scheme 9. II, in the 
dehydrogenation of succinic, fumaric, and malic acid by their specific 
dehydrogenases, and in the transfer of 12 hydrogen atoms from the 
dehydrogenases to oxygen, through the intermediary of alloxazine deriva- 
tives (yellow enzymes), hemin derivatives (cytochromes), and other 
reversible oxidation-reduction catalysts. Some of these processes may 
also be coupled with phosphorylations or transphosphorylations, and 
their energy made available in this way for muscular work. Indications 
of this coupling have been found, for instance,- in the study of the oxida- 
tion of succinate to fumarate (which is a step in respiration). According 
to table 9.IV, the potential of the auccinate-fumarate system is db 0.0 
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volt;; the succinate, dehydrogenase transfers the hydrogen from, succinate 
to cytochrome c, whose potential is much higher— namely^ + 0.27 volt. 
The energy liberated in this transfer could well be used for the synthesis 
of one molecule of a high-energy phosphate. 

In the respiration of dialyzed muscle extracts, five or six glucose 
moleciiles were found to be phosphorylated to diphosphates simultane- 
ously with the oxidation of one glucose molecule to carbon dioxide. 
This indicates (Kalckar 1941) that ten, and perhaps all tw^’elve hydrogen 
transfers to dehydrogenases, which occur in the oxidation of one glucose 

molecule (CeHiaOe + 6 H 2 O + 12 Ed > 6 CO 2 + 12 HsEd, where 

Ed == dehydrogenase), are associated ^Yith the production of one high- 
energy phosphate ester (glucose serves, in these experiments, as the final 
^^phosphate acceptor, by taking phosphate over from the adenosine 
triphosphate). 

In this way, as much as 20-25% of the combustion energy of glucose 
could be converted into phosphate energy, to be utilized for muscular 
work. The remaining 75-80% is liberated in the downward slide of the 
hydrogen atoms from reduced dehydrogenases (whose potentials lie 
between + 0.3 and 0 volt) to oxygen (whose potential at pH 7 is — 0.81 
volt). Some evidence speaks in favor of phosphoiylations also being 
associated with these stages of respiration (in which the largest part of 
the combustion energy is liberated), but the nature and extent of these 
phosphorylations is as yet unknown. 

5. Phosphorylation and Photosynthesis 

We found, in the preceding section, that phosphorylation permits 
the oxidation of carbonyl groups to carboxyl groups without dissipation 
of energy (and may have the same effect also on other steps in the 
transfer of hydrogen from sugars to oxygen). Thus, phosphorylation 
could help in bringing about the reversal of respiration in photosynthesis. 
The possible role of phosphoric acid in photosynthesis (and chemo- 
syntliesis) was mentioned twice before; in chapter 8, in discussing the 
mechanism of preliminary carbon dioxide fixation in photosynthesis; m.d 
in chapter 5 (page 114), in discussing the mechanism of chemosynthesis 
in Thiobacillus ihiooxidans. We shall now see that phosphorylation 
could also be used in the interpretation of the carbon dioxide reduction in 
photosynthesis. This was first suggested by Ruben (1943), who thought 
that the carboxyl group in the complex {CO 2 } may be phosphorylated 
to facilitate its reduction. According to this hypothesis, the reductants, 
{H} or HX, produced by the primary photochemical process (c/. Chapter 
7) have reduction potentials of the order of those of the pyridinium 
nucleotides {i. e., about + 0.3 volt), and are thus unable to reduce free 
carboxyl groups, but may be able to reduce carboxyl phosphates. 
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Ruben suggested that the high-energy phosphates required for the 
phosphorylation of {CO 2 } may be synthesized with the help of light 
energy. Since not more than four out of eight or ten primary photo- 
chemical oxidation products ({OH} or Z) are utilized for the production 
of oxygen, Ruben thought that the remaining ones may be utilized for 
exergonic oxidation-reduction reactions (e. g., a direct or indirect re- 
combination with the primary reduction products, {H} or HX) which 
are coupled with the synthesis of high-energy phosphate esters. 

However, it is also possible that the high-energy phosphates used for 
the phosphorylation of {CO 2 } are produced, without the help of light, 
by oxidative metabolic reactions. (In other words, some of the com- 
bustion energy of the products of photosynthesis may be borrowed in 
advance to make photosynthesis possible.) 

Whether the high energy phosphates are synthesized at the cost of 
light energy or oxidation energy, their role in photosynthesis, according 
to Ruben, is a subsidiary one — to assist in two thermodynamically 
difficult steps: in the carboxylation of an acceptor and in the reduction 
of a carboxyl group to a carbonyl group. One could, hoivever, also 
attribute to the phosphorylation a more fundamental importance, in 
analogy with the expansion of the phosphorylation theory of respiration 
(page 226). One may assume that oZf light quanta utilized in photo- 
synthesis (and all oxidation energy utilized in chemosynthesis) are first 
converted into the energy of unstable phosphates, and that the transfer 
of hydrogen from water to the {CO 2 } complex occurs by a sequence of 
easy steps, each requiring not more than 10 kcal, and made possible by 
a coupling, with the degradation, of these phosphates. Such a theory 
was suggested recently by Emerson, Stauffer, and Umbreit ( 1944) . They 
attempted to support it by an experimental investigation of the phos- 
phorus metabolism of Chlorella, which leads to the following results : 

1. Chlorella cells are capable of utilizing phosphorylated compounds 
for respiration in the dark. 

2. Dried Chlorella cells can be used for the preparation of a “ Lebedev 
juice” which will catalyze the esterification of inorganic phosphate (in 
the presence of glucose, fluoride and pyruvate). 

3. The phosphorylated compounds contained in Chlorella appear to 
be different from those which commonly occur in animal and most bac- 
terial cells. 

4 . A 90-minute iUunaination of Chlorella, in the presence as weU as in 
the absence of carbon dioxide, does not change appreciably the relative 
contents of inorganic and organic phosphorus in the cells. 

5. A significant change can be noted in the composition of the frac- 
tion of organic phosphate which is precipitable by barium. (In other 
materials, this fraction was found to contain adenosine triphosphate. 
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adenosine diphosphate, phosphoglyceric acid, phytic acid, hexose diphos- 
phate and inorganic phosphate.) This fraction was divided, by a seven- 
minute hydrolysis, into a labile’^ and a resistant^’ part. In the ab- 
sence of carbon dioxide, the relative amount of '^resistant” phosphorus 
wasiarge in the dark, but decreased upon illumination (e. g., from 38% 
to 10% of the total phosphorus content). In the presence of carbon 
dioxide the change was in the opposite direction, e. g., from 10% ^^re- 
sistant phosphorus in the dark to 23% in light. 

The results under 1 and 2 prove that Chlorella does have a phos- 
phorus metabolism — ^which is almost a trivial result, in consideration of 
the universal participation of phosphates in the metabolism of most if 
not all organisms. The results under S indicate, however, that the paths 
of the phosphorus metabolism of Chlorella be significantly different 
from that of the animal tissues and bacteria. 

The result under 4 represents a failure to prove a photochemical con- 
version of inorganic into organic phosphate. (It was hoped that, in the 
absence of carbon dioxide, at least, high energy phosphates would accu- 
mulate in light to an extent sufficient for analytical identification.) 

The results under S show that carbon dioxide has an influence on the 
composition of the organic phosphorus compounds in Chlorella in the 
dark, and that this composition is further affected by illumination— the 
direction of the change being different in the absence and in the presence 
of carbon dioxide. 

Although these results are interesting as first steps towards the inves- 
tigation of the phosphorus metabolism of Chlorella^ they obviously do not 
represent effective arguments in favor of the ‘"^phosphate storage’^ hy- 
pothesis of photosynthesis. Until more positive evidence is provided, we 
are inclined to consider as more convincing a general argument against 
this hypothesis, which can be derived from energy considerations. Pho- 
tosynthesis is eminently a problem of energy accuynulation. What good 
can be served, then, by converting light quanta (even those of red light, 
which amount to about 43 kcal per einstein) into ^ ^phosphate quanta 
of only 10 kcal per mole? This appears to be a start in the wrong direc- 
tion— toward dissipaifon rather than toward accumulation of energy. 

The difficulty of the phosphate storage theory appears most clearly 
when one considers the fact that, in weak light, eight or ten quanta of 
light are sufficient to reduce one molecule of carbon dioxide (cf. Vol. II, 
Chapter 29). If each quantum would produce one molecule of high- 
energy phosphate, the accumulated energy would be only 80-100 kcal 
per einstein— while photosynthesis requires at least 112 kcal per mole, and 
probably more, because of losses in irreversible partial reactions. Of 
course, one light quantum contains enough energy to produce tioo (or 
more) molecules of high-energy phosphate— but this result is unlikely to 
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be achieved if phosphorylation is the primary photochemical process, as 
postulated by Umbreit and coworkers. 

The phosphate storage hypothesis appears somewhat less improbable 
when applied to chemosynthesis. One may assume that the oxidation of 
hydrogen, sulfur, ferrous iron or other substrates by oxygen proceeds in 
easy steps (as in the oxidation of glucose in the muscle), each step being 
coupled with the production of a high-energy phosphate, and that the 
energy of these phosphates is utilized later to transfer hydrogen, by 
easy steps, from water to carbon dioxide. In the case of reduc- 
tants as mild as ferrous ions, the free energy of oxidation of one gram 
atom is just about sufficient to produce one mole of high-energy phos- 
phate, so that, in this case, the "phosphate storage” would involve no 
dissipation of the oxidation energy. 

However, the metabolism of "iron bacteria” is not well known, and 
in the better investigated cases of hydrogen, sulfur or thiosulfate bacteria, 
the reductants have comparatively high potentials, and the intermediate 
dissipation of their oxidation energy in the form of "phosphate quanta” 
of 10 kcal each appears implausible. 

The experiments of Vogler (1942) on the "delayed” carbon dioxide up- 
take by Thiobacillus thiooxidans (cf. page 114) proxnde the only experi- 
mental argument favoring the phosphate storage theory of chemosynthe- 
sis. However, it was mentioned on page 114 that the carbon dioxide 
uptake in Vogler’s experiments may well be a reversible fixation of this gas 
(e. g., by carboxylation) rather than a reduction to a carbohydrate. 

To sum up: we think it unlikely that the bulk of the light energy 
utilized in photosynthesis (or of the oxidation energy utilized in chemo- 
synthesis) is first converted into phosphate energy. Furthermore, if 
phosphorylation does play an auxiliary role in photosynthesis (e. g., in 
the way envisaged by Ruben) — which is by no means certain — we think 
it much more probable that the required high-energy phosphates are 
supplied by nonphotochemical oxidation processes than that light quanta 
are diverted for their synthesis. 

6. The Thermodynamics of Free Radicals 

In the preceding section, we reached the conclusion that the primary 
photochemical reduction products, HX, probably serve directly for the 
reduction of the { CO 2 } complex, and that the chemosynthetic reductants 
(hydrogen, sulfur, hydrogen sulfide, thiosulfate, etc.) can be assumed to 
produce, in the course of their oxidation, reducing agents similar to, or 
identical with, HX. The example of the strongest catalytic reductants 
in the respiration mechanism— pyridinium nucleotides — caused Ruben 
to suggest that HX has a reduction potential < 0.3 volt, and that, 

therefore, a phosphorylation is required to enable it to reduce the car- 
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.boxy! group in' the complex {CO 2 }. . However, the reason, why .no 
auxiliary oxidation-reduction systems more positive than the pyridinium 
nucleotides occur in respiration may be that none are required, and 
.there is no reason why HX (or its transformation products) could not 
be .much stronger reductants, able to reduce carboxyl groups even with- 
out the assistance of phosphates. It was found above that no quino- 
noid“beni 2 enoid or ferri-ferro system is likely to have the required high 
potential. Systems of the type of hexadiene-benzene, while sufficiently 
positive (cf, page 221), are unlikely to be reversible (in the kinetic sense). 
A possibility worth considering is that HX may be a free radical, since 
the oxidation-reduction potentials of free radicals vary over a much wider 
range than those of the saturated systems considered on pages 217-222. 

According to the standard bond strengths, the energies of free radicals 
should be so high that two of them could not be formed by the action 
of a single quantum of red light. For example, the transfer of a hydrogen 

atom from a HC CH group to a C=C double bond, leading to 

two HC C radicals (the arrow representing a free valency) should 

i' 

require 62 kcal, and a transfer of a hydrogen atom from a — OH 

/H 

group to a ^C=0 group, forming two — OH radicals, should 

i* 

consume as much as 75 kcal, while only 40-45 kcal are available in a 
quantum of red light. This energy should be liberated again in the dis- 

1 ! I 

mutation of two — C — C — or — C — OH radicals to saturated molecules. 
H i i 

Free radicals should be violent oxidants and strong reductants at the 

same time. The standard energy of hydiogenation of a — C — C — or 

Hi 

I . 

— C — OH is —46 kcal, and the corresponding oxidation-reduction poten- 

i' ' 

tial can be estimated to Eo ^ — 1.5 volt or Eq^ {pH 7) — Li volt. 

The standard energy of dehydrogenation of a — C — C— radical is — 16 
kcal, corresponding to a potential of about + 0.7 volt at pH 0, or + LI 
volt at pH 7 ; while the dehydrogenation of an — C— OH radical should 
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liberate 29 kcal, corresponding to an Eo value of about + 1-3 volt, and 
an Eo' value as high as + 1.7 volt. ^ ^ 

In the two-step hydrogenation of C=C to — CH— CH — , or of 

C=0 to — 6 hOH, the first step — the formation of a free radical- 

should consume 16 and 25 kcal, respectively, while the second step should 
liberate 46 kcal (the sums of the two steps being — 30 and — 17 kcal, 
respectively; cf. page 217). These estimates, derived from standard 
bond strengths, may be approximately correct for simple radicals whose 
energies are not strongly affected by resonance; but may be far off the 
mark for radicals of a more complex structure. 

The general tendency in reaction kinetics is to resolve chemical 
reactions into steps involving the transfer of only one simple particle 
(electron, proton, or hydrogen atom). Michaelis suggested that hydro- 
genations and dehydrogenations of organic compounds take place in 
single steps, with one hydrogen atom (or one electron) transferred at a 
time. This mechanism would be impossible (except at high tempera- 
tures) if free radicals had the high energies calculated from standard 
bond strengths. Probably, prohibitively high energies of radicals derived 
from simple organic molecules (e. g., 0=C — OH or HO — CHOH) are 

4 * 

the reason why the corresponding saturated molecules (e. g., CO 2 or 
H 2 CO 2 ) cannot be reduced or oxidized reversibly at an electrode with an 
appropriately adjusted potential. 

Reversible oxidation-reduction systems, on the other hand, have been 
found to form comparatively stable free radicals, whose occurrence can 
be proved by kinetic observations (two color changes, and transitory 
paramagnetism, during oxidation), as well as by equilibrium measure- 
ments (analysis of the potentiometric titration curves). 


The formation of free radicals in oxidation-reduction processes was discovered in 
1931 by Friedheim and Michaelis, and by Elema, working with the same bacterial 
dyestuff, pyocyanine. Further investigations, mainly by Michaelis and co'workers (for 
reviews see Michaelis 1935, 1938, 1940; Michaelis and Schubert 1938) led to the realiza- 
tion that most, perhaps all, organic systems, both synthetic and natural, capable of 
(Mnetically) reversible oxidation-reduction, form comparatively stable intermediate 
radicals, called semiquimnes. 

The equilibrium concentration of a semiquinone depends on its constant of dismu- 
tation ITa: 


(9.8) 

(9.9) 


2 HE .(semiquinone) 


Kd = 


[R] CH.R] 
CHR]2 


4 R (quinone) -f H 2 R (hydroquinone) 


If the free energy of dismutation is AFa, the constant of dismutation is: 
(9.10) log Fd - - AFd/2,3FT 


m 
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and is related' to the single-step oxidation potentials lf| (seEiiqiiliione-hyciroqmnone)' 

and, & (qiiinone-semiquinone) by the equation: 

(9,9) logA^d = 16.67 (I’l - E,) (t = 25m) 

If = Ez, Kd ~ 1; that is., when one-third of the compomid is in the reduced state, 
one-third is in the intermediate state and one-third in the oxidized state. If Ei < Ez 
(L e,, the quinone is a stronger oxid.izing agent than the semiquinona), Kd < 1, and 
the ■ equilibrium proportion of the semiquinone is more than orie-thirci If Ei > Ez, 
Kd > Ij and the maximum proportion of the semiquinone is less than one-third. „ . 

The presence of a semiquinone can be observed by I^Iieliaelis* methods, if it forms 
at least 10% of the total dyestuff. In this case, the dismutation constant, JQ must be 
::^20 and the free energy of dismutation must foe 1.8 kcal at room temperature. 
In other words, , whenever the presence of semiquinones is recognizable at equilibrium, 
the difference between the free energies of the first and second reduction step is less than 
2 kcal, instead of about 50 kcal as deduced abo^e from the standard bond strengths. 


An explanation of the stability of semiquinones on the basis of the 
resonance theory has been attempted by Pauling and Wheland (1933) 
and Wheland (1940). who suggested that radicals are stabilized by a 
resonance made possible by the imsaturated valency. In the triphenyl 
methyl radical, for example, the structure iisually assumed, PI13C is 

. i 

supplemented by a number of other resonating'^ structures, including 
the o-quinonoid forms, and the p-quinonoid forms, 

/ 

As mentioned before, the pairs, carbonate™"formate, acetaldehyde- 
acetic acid, etc, — do not form electrode-active oxidation-reduction 
systems, probably because their ^'semiquinones’’ are not stabilized by 
resonance; the association with oxidation-reduction enzymes may stabilize 
these semiquinones and thus reduce the activation energy of the corre- 
sponding reactions. 

To enable an oxidation-reduction to proceed smoothly at room 
temperature, it is suiSicient for the energy of the semiquinone to be not 
larger than 10 kcal; this is compatible with a dismutation constant as 
high as 10®. ' Thus, a practically negligible equilibrium concentration of 
the ..semiquinone may be suflficient to bring about the desired catalytic. 
:'effect..' 


.The inclusion of free radicals enlarges the list of reversible oxidation- 
reduction systems, in both directions,' beyond the interval from — 0.4 
to + 0.4 volt: (at' pH 7), which is covered by valence-saturated organic 
compounds. Among "monovalent” organic S 5 ^stems, whose potentials 
have been measured, we find, for example, the porphyrexide, with a 
potential of — 0.73 volt at pH 7 (here, the oxidant is a free radical) and 
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the viologens, whose potentials (independent of pH) are as high as 
+ 0.44 volt (in this case, the reductants are free radicals). 

v/^7. Free Radicals in Photosynthesis and Chemosynthesis 

The realization of the wide range of stability of free radicals has 
several consequences for the mechanism of photosynthesis. In the first 
place, it shows that there is no need to avoid free radicals as intermediates 
in setting up reaction mechanisms (as was once thought by Franck, 
Herzfeld, and Stoll), provided they have a structure which permits an 
adequate resonance stabilization (one of the consequences of the forma- 
tion of the complex, {CO 2 }, may be such an improvement in the stability 
of the intermediate radicals). 

In the second place, if free radicals are formed in the primary photo- 
chemical process (and the intermediate reductant, HX, as well as the 
intermediary oxidant, Z, postulated in 7.10a, probably are free radicals, 
because they are formed by the action of single light quanta), their 
energy will not necessarily be lost by conversion into saturated com- 
pounds. Let us consider, as an illustration, the thionine-ferrous iron 
reaction (cf. Eqs. 7.9). The first product of the light reaction is the 
radical, semithionine. At pH 3, the free energy of reduction of thionine 
by ferrous ions to semithionine is about + 15 kcal, whereas that of 
dismutation is approximately — 3 kcal (estimated from potentiometric 
data; cf. Michaelis, Schubert, and Granick 1940; Granick, Michaelis, 
and Schubert 1940; and Michaelis and Granick 1941). Thus, in the 
formation of one molecule of leuco thionine, by the cooperation of two 
light quanta, according to the mechanism (7.9), as much as 80% of the 
energy accumulated in the primary reaction is retained in the valence- 
saturated product. 

It is thus possible that the first transformation of the primary photo- 
chemical reduction product, HX, is a dismutation into H 2 X and X, and 
that only a comparatively small amount of energy is lost in this process, 
so that the reducing power of the saturated intermediate, H 2 X, is not 
much less than that of the radical, HX. 

However, what we were after in introducing free radicals into the 
chemistry of photosynthesis was a reductant with a potential higher than 
that of any valence-saturated system, and by assuming dismutation as 
the fate of the primary product, HX, we have lost this advantage. To 
regain it, one may assume that the radical, HX, is used directly ioi the re- 
duction of {CO 2 } without preliminary dismutation, but more interesting 
appears to be a mechanism in which a second catalytic system, Y-H 2 Y, is 
inserted between the systems Z-HZ and X-H 2 X (c/. Scheme 7.1) because 
this mechanism opens a way for the utilization of the energy of two 
quanta for the formation of one radical, and thus for a new explanation of 


234 


EEDUCTION OF CAEBOH DIOXIDE 


CHAP. 9 


how eight quanta can be utilized in photosynthesis for the reduction of 
one molecule of carbon dioxide. In chapter 7, two alternative hypotheses 
were suggested for the mechanism by which eight quanta could be used to 
move four hydrogen atoms from water to carbon dioxide: a twice repeated 
photochemical activation of the same four hydrogen atoms (as in Schemes 
7.V and 7.VA); and the transfer of energy, initially conferred upon eigk, 
hydrogen atoms, to four of them, as illustrated by equation system 
(7.14) and scheme 7. VI. The introduction of a second intermediate 
system, Y-HsY, between the systems H-H 2 X and Z-HZ, permits an 
interpretation of the second alternative. For this, we have to assume 
that the average oxidation-reduction potential of system Y-H 2 Y is not 
very different from that of system X-H 2 X, thus making reaction (9.10c), 
possible, but that the radical HX is much less stable than the radical 
HY thus making possible the “energy dismutation” by reactions (9.10d) 
and (9.10e): 

(9.10a) 8 HZ + 8 Y 8 Z -h 8 HY 

(9.10b) 8 HY 4 H 2 Y + 4 Y 

(9.10c) 4 H 2 Y + 4 X »4H2X + 4Y 

(9.10d) 4H2X4-4Z >4HX-1-4HZ 

(9.10e) 4 HX + 4 {COd > 4 [HCOj! + 4 X 

(9.10f) 4 {HCO 2 } — > jCHjOl + 3 CO, -f H 2 O 

(9.10g) 4 Z-I- 4 H 2 O >4HZ + 02-b2H,0 

(9.10) 4 H,0 + 4 {CO,! > {CH,0! 4- 0, -f- 3 (CO,! + 3 11,0 

Reaction mechanism (9.10), represented in scheme 9.III, provides 
the desired elaboration of the hypothesis of “energy dismutation” (c/. 
equations 7.14, and Scheme 7. VI). The “coupled” reaction (7.14b), by 
which the “energy dismutation” was originally represented, is dissolved 
in (9.10), into the reaction sequence (9.10b, c, d, e), marked by double 
arrows in scheme 9.III. It is based on the assumption that the removal 
of one hydrogen atom from the intermediate H 2 X by recombination 
with the oxidation intermediate, Z, leaves a radical, (semiquinone) HX, 
which is sufficiently unstable to react with the carboxyl group in {COo} . 
The radicals HY are produced by single quanta of light, but two quanta 
must cooperate to produce a single radical HX. 

As mentioned on page 166, the “energy dismutation” theory is 
supported mainly by the analogy between the photosynthesis of green 
plants and the chemosynthesis of hydrogen bacteria, for which it offers 
a simple explanation. 

To give this explanation, it is sufficient to assume that in organisms 
which contain an active hydrogenase and an active oxidase, the system 
X-H 2 X can be hydrogenated by molecular hydrogen, and “half-oxidized” 


FEEE RADICALS IN PHOTOSYNTHESIS 


235 


by molecular oxygen so that, in these organisms, the HX radicals can 
be formed without the help of light. 

It was pointed out once before that the interpretation of chemo- 
synthesis leads to a problem of energy accumulation similar to that 
arising in photosynthesis, because the energy liberated by the^ oxidation 


Reduction of 
Carbon Dioxide 


Oxidation - 
Reduction of 
Second Inter- 
mediate Oxidant 


Oxidation- Oxidation- Oxidation 

Reduction of Reduction of of Woter 

First Intermediate First Intermediate 
Oxidant Reductant 



Scheme 9.III. — Photosynthesis according to reaction system (9.10) (according to 
chapter 19, page 552, HZ may stand for chlorophyll and Z for oxidized, e. g., dehy- 
drogenated, chlorophyll). 

of several substrate molecules, has to be used for the reduction of one 
molecule of carbon dioxide. The hypothesis of “energy dismutation,^^ 
achieved by a coupled oxidation of the intermediate HgX by oxygen and 
carbon dioxide, is intended to provide an answer to this problem. 

The coupling between oxidative and reductive processes in autotrophic 
organisms has often been oversimplified. The oxidation processes were 
supposed to run to completion, and the liberated energy was assumed to 
be available for the chemically independent reduction of carbon dioxide 
by water. This picture may be used for calculating thermodynamic 
efficiencies (qf. Table 5. VII), but it does not represent the real mechanism 
of chemosynthesis. A pure “energy coupling’^ of two independent 
chemical reactions is impossible in the living cell The explosion of a 
detonator may create a local temperature sufficient for the ignition of a 
charge of explosives; but no “heating’’ by the enzymatic combustion of 
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hydrogen or sulfur can create local conditions under which a spontaneous 
reaction between carbon dioxide and water becomes possible. Therefore, 
a true chemical coupling between autoxidation (e. g., 2 H 2 + O 2 ) and 
oxidoreduction (e. 2 H 2 + CO 2 ) must exist, that is, at a certain stage 

of the autoxidation intermediate products of high energy must be formed 
which can react with carbon dioxide and thus cause a ^^branching^^ of 
the reaction chain — one part of hydrogen being accepted by oxygen and 
another by carbon dioxide. Our suggestion is that this branching occurs 
in the oxidation of the intermediate H 2 X. 

The highest ratio between the rates of autotrophic reduction of 
carbon dioxide and of autoxidation is found when hydrogen serves as a 
reductant. According to Rnhland (1924), one molecule of hydrogen is 
utilized by Bacillus pycnoticus for the reduction of carbon dioxide for 
every 2,5 hydrogen molecules oxidized to water (qf. page 120). Gaffron 
(1944) concluded, from experiments on adapted algae, that the limiting 
value of this ratio is 2 (cf. page 140). In other words, out of twelve 
hydrogen atoms which enter into the enzymatic apparatus, four are 
“promoted” and react with carbon dioxide, while eight are “degraded” 
by union with oxygen. Similarly, in photosynthesis, according to re- 
actions (7.14) and (9.10), eight reduction products HX are formed, and 
four of them are reoxidized by the oxidation products, Z, while the other 
four are “promoted” so as to be able to react with carbon dioxide. 
We may thus try to use scheme 9.III for the interpretation of chemo- 
synthesis with hydrogen as a reductant by substituting molecular hydro- 
gen for H 2 Y as a hydrogen donor, and molecular oxygen for Z as the 
“promoting” oxidant. This leads to the following mechanism: 

iiydrogenase 

(9.11a) 4H2 + 4X^===i4HjX 

oxidase 

(9.nb) 4 H 2 X + 4 O 2 -> 4 H 02 + 4HX 

(9.11c) 4 HX + 4 {CO 2 ] > {CH 2 O} + 3 CO 2 + H 2 O + 4 X 

(9.11d) 4 HO 2 2 H 2 O + 3 O 2 


(9.11) 4 H 2 + O 2 + {CO 2 } > {CH 20 1 + 3 H 2 O 

Reaction scheme (9,11) implies, in analogy to (9.10), a “half and 
half ” split of hydrogen between the two oxidants (CO2 and O2) corre- 
sponding to a ratio of 4 for AH 2 : AO 2 , while ' the largest experimental 
value of this ratio is 3. This difference can be explained in several ways, 
for instance, by the assumption that the radical HO 2 does not undergo a 
“double dismutation” into water and oxygen, as postulated in (9.11d), 
but is first reduced by hydrogen (through the intermediary of H 2 Y) to 
a peroxide and then undergoes a single dismutation: 
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(9.12a) 

2H2 4-2X.- 

-»2H2X 

(9.12b) 

4 HO 2 + 2 H 2 X- 

-»4 IH 2 O 2 } +2X 


“catalase" 


(9.12c) 

4 jHaOj} > 4 HiO + 2 Oj 

(9.12) 

4 HO 2 i" 2 H 2 — 

"■> 4 H 2 O -f* 2 O 2 


Alternatively, it may be first dismiited to oxygen and a peroxide and then 


reduced: 


(9.13a) 

2 H 2 + 2 X 3^2H2X 

(9.13b) 

4 HO 2 » 2 IHsOsl + 2 O 2 

(9.13c) 

2{H202}+2H2X »-4H20 + 2X 

(9.13) 

4 HO 2 + 2 H. > 4 H 2 O + 2 O 2 


If we substitute (9.12) or (9.13) for (9.11), the over-all reaction of 
chemosynthesis becomes: 

(9.14) 6 Hs + 2 O 2 -f ICO 2 } ^ {CH 20 I -f 5 H 2 O 

with the correct ratio AH 2 : AO 2 == 3. 

Eeaction (9.11), with the variation (9.12), is represented in scheme 
9JVA, whose similarity to scheme 9. Ill is easily recognizable. 

Another possible explanation of the relation, AH 2 : AO 2 > 2, is that 
not all HX radicals react with {CO 2 }, as assumed in (9.11c), but that 
some are lost by autoxidation; 

(9. 16a) 2 HX + 2 O 2 5^ 2 HO 2 -f 2 X 

or by dismutation: 

(9.15b) 2 HX ^HaX-fX 

Finally, we can explain the ratio, AH 2 : AO 2 = 3 also by recalling 
the conclusion reached in chapter 6 (page 141), that the reduction of 
carbon dioxide is coupled (at least in adapted algae) only with the second 
step of oxygen reduction, the step which leads from a peroxide to water 
(c/. Eqs. 6,12). We may thus assume that, in the first stage of reaction 
between H 2 X and oxygen and carbon dioxide, both hydrogen atoms go to 
oxygen, while in the second one they are shared between oxygen and 
carbon dioxide: 

(9.16a) 6 H 24 * 6 X ^BHaX 

(9.16b) 2 H2X + 2 O 2 3^ 2 {H 2 O 2 } -f 2 X 

(9,16c) 4 H 2 X + 2 {H 2 O 2 } — > 4 H 2 O + 4 HX 

(9.16d) 4 HX + 4 {CO 2 I -3^ 4 {HCO 2 } + 4 X 

(9,16e) 4 [HCO 2 I > {CH 2 O} + H 2 O + 3 CO 2 

(9.16) 6 H 2 -f 2 O 2 + [CO 2 I — — > {CH 2 O] + 6 H 2 O 

This mechanism is represented in scheme 9.IVB. 
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and hydrogen chemosynthesis.” In addition, however, they can also 
use molecular hydrogen (or organic hydrogen donors) for photosynthesis 
in the absence of oxygen. They must thus be capable of substituting 
hydrogen for the intermediary reductant, H 2 Y, and oxygen for the inter- 
mediary oxidant, Z, as well as using 
either light energy or combustion 
energy for the reduction of car- 
bon dioxide. In other words, their 
properties call for a combination 
of schemes 6.III, 9.III and 9.IVB. 

This synthesis is attempted in scheme 
9.V. The intermediary reductant, 

H 2 X, at which the “energy dismuta- 
tion^^ was assumed to take place in 
schemes 9.III and 9.IV, is identified 
in scheme 9. V with the intermediary 
hydrogen acceptor H 2 AH of the hy- 
drogenase system in scheme 6. III. 

To avoid making scheme 9.V 
too complicated, we have adopted 
the condensed method of presenta- 
tion used before in scheme 6.III, that is, we have written out the oxida- 
tion-reduction systems participating in the metabolism of adapted algae, 
and indicated by numbered arrows the hydrogen transfers occurring be- 
tween them. One is compelled to omit in this presentation all steps 
(e. gf., dismutations) which are not intermolecular oxidation-reductions. 

The three ways in which the carbon dioxide reduction can be brought 
about by Scenedesmus are explained in the legend. It is essential that 
these organisms can substitute, upon the activation of the hydrogenase 
and oxidase by fermentation, the reduced hydrogenase, HaEn, for the 
primary photochemical reduction product, H 2 Y as a hydrogen donor, 
and the oxidiaed oxidase, jS'oOa, for the primary photochemical oxidation 
product, Z, as a hydrogen acceptor, and that these two substitutions are 
independent of each other. 

8. Metal Complexes as Reduction Intermediates 

It was stated on page 222 that iron complexes are unlikely to have 
potentials positive enough to play the part assigned above to the radical, 
HY {u 6., to reduce a carboxyl group). However, iron (or other metal) 
complexes may coneeivably play the part of the first, comparatively 
stable reduction product, HX. Speculations in this direction are 
encouraged by the conclusion of Hill (1939) and Hill and Scarisbriek 
(1941) (c/. Chapter 4, page 63) that /emc salts of organic acids can 



Scheme 9. V.— ^Metabolism of adapt- 
ed algae. Arrows represent hydrogen 
transfer from one oxidation-reduction 
system to another, converting the oxi- 
dized form of the latter (bottom) into 
the reduced form (top). 5,1,2, {4,3} — 
photosynthesis, 6,3, 1,2, {4,3 } — photore- 
duction, 6 { 4, 8 } — chemosynthesis. 
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serve as oxidants in the chloroplast-sensitizsed photoxidation of water. 
The noma! potentials of these complex salts are far above those of 
free ferric ions (- 0.77 volt). However, it is doubtful whether they 
can be positive enough to allow the complex in the ferrous form to 
reduce the hydrogenase (whose potential at pH 7 must be about + 0.42 
volt), a reaction which was credited to the HX radicals in scheme 6.III, 

In chapter 11, we shall consider the possibility that a /errors iron 
compound serves as reductant in the primary photochemical process. 
This compound must have an exceptionally negative potential (even 
below that of free ferrous ions) in order to be able to recover its electron 
from water. This role of iron complexes is more in keeping with their 
function in respiration (where they occur close to the oxygen end of 
the ^^electron bucket brigade'^ than the above-suggested role as oxi- 
dants in the primary photochemical process. Hmvever, it may be 
worth while to keep in mind the possibility that the photochemical 
process in photosynthesis may be the transfer of electrons /rom an iron 
(or other metal) complex of exceptionally negative potential to another such 
complex of an exceptionally positive potential. An hypothesis of this type 
was suggested by Weiss (1937). 

9. Transformations of the First Reduction Product of Carbon Dioxide 

We have so far been concerned only with the first step of the 
reduction of carbon dioxide — ^which is probably the conversion of a 
carboxyl group in a large molecule {C 02 }(=RC 00 H) into a radical, 
{HC02}(==RC(0H)2). On page 158, we suggested that the rest of the 
reduction process may be ascribed to dismutations (cfi Eqs. 7.8b, c) ; and 
this hypothesis was retained in schemes 9.III and 9.IV. An alternative 
is that the photochemically produced reductants (e. g., the radicals, HY), 
are again called upon to reduce the intermediate products, in a series of 
thermal oxidation-reduction processes similar to the sequence of photo- 
chemical reactions assumed by Franck and Herzfeld (cf. scheme 7.VA). 
This alternative allows the closest analogy between the processes of 
photosynthesis and respiration since, in the latter, the dehydrogenases 
(c. g., the pyridine nucleotides) are instrumental in removing hydrogen 
atoms not only from keto groups (in the oxidation of glycer aldehyde to 
glyceric acid and of acetaldehyde to acetic acid in Schemes 9,1 and 9.II), 
but also from the more stable — groups (in the oxidation of 

acetate and succinate) and RHOH groups (in the oxidation of malate to 
oxalacetate in Scheme 9.11). 

Pushing the analogy with respiration still further, one could suggest 
that an alternation of hydrogenations and carboxylations continues until 
a triose (e. g., glyceraldehyde) can be separated from the carrier (c/. 
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Ruben 1943 , Gardner 1943 ), as illustrated by reaction sequence ( 9 . 17 ): 

(9.17a) ' ECHO + GOa ECO - GOGH 

(9.17 b) ECO • GOOH + 2 HX > EGHOH « GOGH + 2 X 

(9.17c) EGHOH • GOOH + 2 HX EGHOH - OHO + 2X4- H^O 

(9.17d) EGH0H-CH0 + C02~ EGHOH -CO -GOOH 

(9.17e) EGHOH -GO- GOOH + 2 HX >RCHOH-GHOH-COOH + 2X 

(9.17f) EGHOH • GHOH • GOOH + 2 HX > EGHOH • GHOH • CHO + 

2 X+H 2 O 

(9.17j) EGHOH -GHOH -GHOH -CHO EGHO + GH 2 OH • GHOH • CHO 

Scheme (9.17) includes three carboxylations, (9.17a, 9.17d, . . .), three 
reductions of carboxyl groups to carboxyl groups (9.17c, 9.17f, . . .), 
and three reductions of carboxyl groups to RHOH groups (9.17b, 9.17d, 
. . .). Ruben (1943) suggested that the reactions of the first and 
second type are assisted by transphosphorylations, while the thermo- 
dynamically less difficult reactions of the third type do not require this 
help. It is clear from the preceding discussion, that scheme (9,17) has 
no basis except the postulated similarity between the mechanisms of 
photosynthesis and respiration. 

10, Experimental Evidence Regarding the Mechanism of Reduction 

of Carbon Dioxide 

In respiration and fermentation, speculations of the type presented 
above, are corroborated by experimental evidence — isolation of inter- 
mediates, substitution tests, reactions of isolated enzymes and so forth. 

All this is lacking in photosynthesis. 

Attempts to identify the intermediates in photosynthesis by ordinary 
analytical methods will be dealt with in chapter 10. They have produced 
numerous data (some of which may yet prove to be related to photo- 
synthesis), and have led to prolonged controversies (for instance, con- 
cerning the occurrence of formaldehyde in plants), but did not yet reveal 
a single chemical compound clearly associated with photosynthesis, either 
as ap intermediate or as a catalyst. . 

Recently, some information concerning the nature of intermediates 
in photosynthesis was obtained from experiments with radioactive carbon. 
As stated in chapter 8, Ruben and coworkers found that, in the dark, 
carbon dioxide is incorporated into a large molecule (containing about 
100 atoms), probably forming a carboxyl group. Similar experiments 
were also carried out by Ruben and coworkers with illuminated plants. 
Ruben, Hassid, and Kamen (1939) illuminated barley leaves for 15-“70 
minutes in the presence of G*02. The leaves were then extracted with 
warm water and analyzed as quickly as possible. Only about 25% of 
assimilated C* was found in carbohydrates (which does not agree well 
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with Smith's results (1943) described in chapter 3^ page 37), and a little,, 
(about^ 0.06%) went into chlorophyll (c/. page 557). The fate of the', 
large residue ,remamed obscure. 

More extensive experiments were carried out with Chhreila suspen- 
sions by, Ruben, Kamen,' Hassid, and Devaiilt (1939), Ruben, Kamen, 
and ^Hassid (1940), 'and Ruben, Kamen, and Perry (1940). Figure 24 
shows that the uptake of radioactive carbon in light proceeds for over 

an hour at a constant rate of about 
0.22 ml. C '^'02 per min. per milliliter 
of cells (in the dark, saturation was 
reached after 0.2 ml. was taken up in 
a single exposure to C *02 or 0.8 ml. in 
repeated exposures and evacuations; 
c/. Fig. 27). Manometric measure- 
ments proved that all radioactivity 
acquired in light was caused by as- 
similation of carbon dioxide (and not 
by an exchange of radioactive carbon 
for ordinary carbon). This was con- 
firmed by experiments with cyanide 
and urethane, which showed identical 
effects on carbon dioxide absorption 
and on the increase of radioactivity. 
In attempts to identify the fate of the 
absorbed radioactive carbon, Ruben 
and coworkers made numerous ^^co- 
precipitation ” and “ coextraction " 
tests, which are customary in the work 
with small quantities of matter. After 
illumination periods of 1~5 min., they 
rapidly killed the cells, extracted them 
with water, and added different car- 
rier substances." They found, in this 
way, that the active intermediate product formed in such short exposures 
is not identical with formaldehyde, acetaldehyde, propionaldehyde, gly- 
colaldehyde, glyceraldehyde, methanol, ethanol, glycol, glycerol, erythrol, 
glucose, sucrose, starch, hexose monophosphate, glycine, alanine, arginine, 
histidine, albumin, acetone, or with any of the following acids : formic, acetic, 
propionic, butyric, oxalic, succinic, malic, citric, maleic, fumaric, glycolic, 
pyruvic, glyceric, tartaric, lactic, ascorbic, glucuronic, glutamic, aspartic, 
and glutaric. Fractionation experiments showed that the active inter- 
mediate is not volatile at 120^ C, It is soluble in water (at least to the 
small extent required to account for results obtained with very dilute 



Fig, 24.— Uptake of radioactive 
carbon in light. The radioactive-car- 
bon content of the algae is expressed 
in arbitrary units, one unit correspond- 
ing to the uptake of 6.3 mm.^ carbon 
dioxide per mm.® of algae (after Ruben, 
Kamen, and Hassid 1940). 
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preparations) and adsorbable on talcum, charcoal, or glass powder. 
It is not precipitated by protein-coagulating agents (heat, trichloroacetic 
acid), or by reagents which precipitate basic amino acids. It is colorless 
in solution, and not extractable from water by organic solvents. 

In these rapid experiments (as contrasted with the first-mentioned 
experiments of longer duration), less than 1% of active carbon was found 
in sugars, and none at all in phosphorylated sugars, starch, or cellu- 
lose. Hydrazione tests revealed the absence of active carbonyl groups, 
while the Schotte-Baumann test with benzoyl chloride showed the pres- 
ence of at least one alcoholic hydrox^d group. Most of the active 
material could be precipitated (from 80% alcoholic solution) by barium, 
calcium, or lead ions, thus indicating the presence of a carboxyl (or 
another acid) group. In decarboxylation experiments (heating dry 
barium salts to 250° C.), only 5% of the barium-precipitated active 
carbon was found convertible into barium bicarbonate. (As mentioned 
on page 204, a much higher yield in active barium bicarbonate — 30-50% 
— was obtained in experiments with the C *02 absorption product formed 
in the dark,) 

Ultracentrifugation revealed no essential difference between the active 
intermediates formed in light and in the dark. For example, the sedi- 
mentation velocity constants were 6.2, 6.1, 5.7, and 7.5 X in light 
(after 4, 10, 10, and 20 min. exposure to C*02, respectively) and 
8.6 X 10~^^ (after 20 min. exposure to C*02) in the dark; the diffusion 
coefficients were 0.44, 0.35, 0.43, and 0.37 X 10*"® cm.^ per sec. in light 
(10, 20, 30, and 30 min. exposure, respectively) and 0.44 X 10"”^ in the 
dark (15 min. exposure). The calculated molecular weights were from 
1000 to 1600 for the photochemical intermediate and 1500 for the complex 
obtained in the dark (Euben and Kamen 1940). 

It thus appears that the active intermediates present in Chlorella 
cells after a few minutes exposure to light are very similar to the com- 
plexes obtained in darkness with one important difference — ^that most, if 
not all, of the active carbon is no longer present in the carboxyl group. 
It seems natural to assume that this group has been reduced in light; 
but if so, we must account for the continuous precipitability of the 
complex by barium salts. The explanation may be trivial^ — the presence 
of a second carboxylic (or generally acidic) group not concerned in the 
carbon dioxide transformation; but another and more interesting possi- 
bility is that, after the first carboxyl group has been reduced, another 
one is formed by the addition of a second molecule of carbon dioxide, 
to be reduced in its turn, and so on— until a carbon chain of the length 
no has grown upon the acceptor molecule, and the proportion of radio- 
active carbon present in the form of carboxyl groups, has declined from 
100% to 100/^c% (c/. reaction sequence 9.17). 
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Experiments of greater precision on the change in the proportion of 
radioactive carbon present in carboxylic groups as a function of the 
illumination ; time may make possible a decision between these two ' ^ 
hypotheses^ and perhaps give further information as to the reduction 
mechanism. The, use of the weakly active but long-lived' carbon isotope 
instead of the highly active but short-lived should make possible 
a less hurried and more thorough analytical work in .this field, even 
though it will require more sensitive measuring devices. 

Repeated carboxylation of the acceptor-bound substrate is not the only way in 
which the carbon chain may grow without ever forming free intermediates of low mo- 
lecular weight. Carrier-bound intermediates may polymerize, each remaining attached 
to its original carrier, or may be transferred in the polymerization reaction to a common 
carrier molecule. Schemes of tins type, in which the carbon skeleton is built up by 
the association of links of equal degree of reduction (instead of addition of nonreduced 
links to an already reduced chain) remind one of the earlier hypotheses of Maquenne 
and Wohl 

In the scheme of IMaquenne (1923), a carbon chain was supposed to grow along a 
chain of chlorophyll molecules held together by the residual valencies of its magnesium 
atoms. Wohl (1937, 1940) thought that a synthesis of glucose can be achieved by the 
reduction of six carbonic acid molecules attached to six reduction centers on a circle, 
e. six nitrogen atoms in a protein “cycloP' pattern. (The formation of a ‘^cyclose^^ 
would be a logical outcome of such a process; it was mentioned on page 46 that Crato ■ 
and Kdgel thought that inositol rather than glucose is the first product of photosynthesis.) 
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Chapter 10 

INTERMEDIATES IN THE REDUCTION OF CARBON DIOXIDE 

A. The Problem op Intermediates in Photosynthesis; 
The Hypotheses op Liebig and Baeyer * 

In studying the transformation of carbon dioxide (nc = 1, I? = 0) 
into a carbohydrate (nc = 6, L = 1) it appeared natural to look for 
intermediates among the compounds with carbon chains between nc = 1 
and 6, and reduction levels between L = 0 and 1; and much work has 
been spent on this search in the past. 

It may be asked now, whether, in consideration of the probabilit}?- of 
a mechanism of photosynthesis not involving a separation of the reduction 
substrate from a large carrier molecule during the whole reduction 
process, a discussion of the intermediates of photosynthesis, based on 
properties of molecules with short carbon chains, is of any use at all. 
The answer is that speculations of this kind certainly cannot be considered 
as important now as they once used to be, but that they are not entirely 
useless. Some of the chemical characteristics which the future carbo- 
hydrate molecule possesses at the different stages of its growth may be 
essentially the same whether it is free or attached to a carrier. Experi- 
ments with radioactive indicators (pp. 241 et sag.) indicate that separation 
of the substrate from the carrier occurs before its conversion into a sugar 
is completed. Finally, equilibria may exist between free and bound 
intermediates (similar to that between free carbon dioxide and the 
complex, {CO 2 }). For example, if a large molecule of a carboxylic acid 
is reduced by hydrogenation first to an aldehyde and then to an alcohol, 
the corresponding small molecules — carbon dioxide, formic acid and 
formaldehyde — may be found in the free state in consequence of the 
equilibria: 

(lO.la) RCOOH^f=====^ 

(lO.lb) ECH0 + n20^===± 

(10.1c) RCH 2 OH RH 4- ECHO 

For the old-fashioned’^ chemist or biochemist who had no sensitive 
spectroscopic, potentiometric or radioactive tools with which to discover 
fleeting intermediates, the way to identify intermediates was to prove 
* Bibliography, page 273. 
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their presence by chemical analysis or to make it plausible by showing 
that they can be substituted for the normal substrates. Both methods 
have been attempted in the study of photosynthesis, but without much 
succegSf 

y.'^e first chemical theory of photosynthesis was proposed by Liebig 
in 1843. He thought that the formation of acids must precede that of 


0 r* — -COa ' 

Corbonie acid 


-HaCOa- 
Formic acid 


—HaCO 

Fermald«hyd« 


— HaCaOt 
Oxalic acid 


Qlyoxaiic acid 


> GlycoUc ocid 
(Glyoxal) 


H^CaOa- 

Ac«tic acid 
(6lycolaId«hyd« 


— H*taO 

Ac«iald<rhyd« 

(Glycol) 


Tartronic acid 


> Pyruvic acid 
(Glycsric acid) 

■ •— 

Lactic acid 

Glyc«rald«hyd« 

(MafhylQlyoxai) 

— •HeCaOa- 
Prodionic ocid 
(Glycttrol) 


— H 4 .CP 3 

Oxolaccfic acid 
(Tartaric acid) 
— HP4O5 
MoUc ocid 
(Fumaric ocid) 

— HeCP^ 

Succinic acid 

— H,C.O,~ 

T«tro»«» 

(Ac*tylac«+ic^j^ 

— KoCp* 

Hydroxybutyric 

ocid 


Oxalmotonic acid 


— HeCaO^ 

Carboxysuccin^c.^ — HsC^O, 

— H.CjO. 

Keto^Iufaric acid 

px- Glucuronic acid 

Apiomcacid I ci.conic acid 
— H,oC 50,-==1^ — H,aCa03 ■ 

P«nto»«» H«xo»«» 


— HioGjO, 
Apionic acid 


1.5 H 4 CO- 

I Mnfhanol 


Scheme 10. 1. — Low molecular weight intermediates between carbon dioxide and 
glucose. Compounds in parentheses have the same values of ?ic*and L, but differ in 
composition by an H 2 O group, a difference which does not essentially affect their content 
of energy. Broken arrows illustrate the reaction scheme of Baeyer. Solid arrows cor- 
respond to carboxylations. 


sugars, deriving this view from the example of ripening fruits which at 
first are acid and later become sweet. The common plant acids — oxalic, 
malic, tartaric, citric— stand between carbon dioxide and glucose in re- 
spect to their reduction level as well as to the length of the carbon chains. 

Liebig^s theory remained undisputed until Baeyer suggested, in 1870, 
that the first stage in photosynthesis is the reduction of carbon dioxide 
to formaldehyde f and is followed by the polymerization of the latter to 
sugar. This theory was based on Butlerov's observations of the poly- 
merization of formaldehyde to formose, Baeyer argued that the aim- 
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plicity of the, reaction sequence 

' '(10,2a) ■ CO 2 - ^ CO + I O 2 

(10.2b) CO + 2H-~ »HCHO 

: , (10.2c) 6 ECHO >CMi20t "" 

compares. favorably with the complicated system of reactions needed to 
produce sugars through the intermediary of organic acids. ' ' Scheme lO.I 
I serves to illustrate the theories of Liebig and Baeyer. Arrows pointing 
I downwards correspond to reduction (hydrogenation); arrows directed 
I to the right and upwards, to the addition of carbon dioxide (carboxyla- 
tion); while a horizontal arrow means polymerization or condensation. ■ 

The column in ■which a compound stands in scheme 10. 1 indicates its 
carbon chain length, ncj while the horizontal level determines its degree 
of reduction, L. Carboxylation increases nc by 1, and reduces L in the 
ratio nc/{no + 1). 

Baeyer^s theory corresponds, in scheme lO.I, to the path along the 
left side down to the middle, and thence horizontally to glucose. Liebig’s 
path goes zigzagging through the field of acids, until it reaches the apex 
of the table. 

The compounds listed in scheme 10.1 are only selected examples, 
since many other isomers can be formed (including unsaturated ones) 
by keto-enol transformations, hydrations, dehj^drations, and dismuta- 

' , tions. Jj,„jshaptte 2 :a. 2 ....ai]d..Q,..,we™have..-^r^ dismu- 

A similar suggestion 

was first made by Baur in 1913. He assumed that light is used in 
photosynthesis only for the reduction of carbon dioxide to oxalic acid, 
while the reduction of the latter compound to carbohydrates is brought 
about by dismutations. 

B. Low Molbcelab Weight Compounds in Geeen Plants * 
L Review of Analytical Data 

If one assumes that some intermediates (or their derivatives) accumu- 
late, in the course of photosynthesis, in analytically recognizable quan- 
tities, one could expect help in their identification from ordinary chemical 
analysis. However, no significant progress has as yet been achieved in 
this way. This is not to say that compounds with a composition inter- 
mediate betw^eeii carbon dioxide and the carbohydrates have never been 
found in green plants. The trouble is rather, that too many of them 
are present, and that none can be definitely associated with photo- 
synthesis. To illustrate the variety of low molecular weight compounds 
found in green leaves, we have listed in table 10.1, most organic com- 

Bibliography, page 273. 
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pounds containing one or two carbon atoms, and the most common ones 
containing three, four, five or six carbon atoms, marking by asterisks 
those whose presence in green plant cells has been reported. 

Table lO.I 

Low Molecular Weight Compounds in Leaves 


Compound 


Formula 

Structure 

R,©' 

duc- 

tion 



level, 

L 


Occur- 
rence in 
green 
plants 


Cl COMPOimDS 


Formic acid 

H 2 CO 2 

HCOOH 

0.50 

*(i) 

Formaldehyde 

H 2 CO 

HCHO 

1.00 

*(2) 

Methanol 

aco 

CII 3 OH 

LoO 

*( 3 ) 

Methane 

H4C 


2.00 



C2 COMPOUIfDS 


Oxalic acid 

H 2 C 2 O 4 

(C00H)2 

0.25 

*(4) 

Glyoxalic acid 

HjCjO, 

COOHCHO 

0.50 

*(5) 

Glycolic acid 

H 4 C 2 O 3 

CH 2 OHCOOH 

0.75 

*( 6 ) 

Giyoxal 

H 2 C 2 O 2 

(CH0)2 

0.75 


Glycolaldehyde 

H 4 C 2 O 2 

CH 2 OHCHO 

1.00 


Acetic acid 

H 4 C 2 O 2 

CH 3 COOH 

1.00 

*( 8 ) 

Acetaldehyde 

H 4 C 2 O 

CH 3 CHO 

1.25 

*(9) 

Glycol 

H 6 C 2 O 2 

(CH20H)2 

1.25 


Ethanol 

HsCaO 

C 2 H 50 H 

1.50 

*( 10 ) 

Ethane 

HcCg 

CH 3 CH 3 

1.75 



Cs Compounds 


Mesoxalic acid 

H 2 C 3 O 6 

(COOH)2CO 

0.33 

*(11) 

Tartronic acid 

H 4 C 3 O 5 

(COOH)2CHOH 

0.5 


Malonic acid 

H 4 C 3 O 4 

CH2(C00H)2 

0.66 


Pyruvic acid 

H 4 C 3 O 3 

CH 3 COCOOH 

0.83 


Lactic acid . , 

HeCsOs 

CH 3 CHOPICOOH 

1.00 

*(12) 

Methylglyoxal 

H 4 C 3 O 2 

CH 3 COCHO 

1.00 


Glyceraldehyde 

HeCaOa 

CH 2 OHCHOHCHO 

1.00 


Propionic acid 

HeCsOs 

C 2 H 5 COOH 

1.16 


Glycerol ■ 

HsCsOs 

CH 2 OHCHOHOH 2 OH 

1.16 ! 


Lactaldehyde 

H 6 C 3 O 2 

CH 3 CHOHGHO 

1.16 

*(13) 

Acetone 

HeCsO 

(GH3)2C0 

1.33 


Propionaidehyde 

HfiCsO 

CH 3 CH 2 CHO 

1.33 

*(M) 

Propanol 

HgCaO 

CH 3 CH 2 CH 20 H 

1.5 


Propane 

HsCa 

CH 3 CH 2 CHS 

1.66 
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Table lO.I — Coniinmd 





Re- 

duc- 

Occur- 

Compound 

Formula 

Structure 

tion 

level, 

L 

rence in 
green 




plants 


C4 Compounds 


Dihydroxymaleic acid 

1 H4C4O6 

(COOHCOH)=(COHCOOH) 

0.50 

*(15) 

Tartaric acid 

H6C4O6 

(COOHCHOH)^ 

0.625 

*(16) 

Malic acid 

H6C4O6 

COOHCHOHCH2COOH 

0.75 

*(17) 

Fumaric acid 

H4C4O4 

COOHCH==CHCOOH 

0.75 

*(18) 

Succinic acid 

H6C4O4 

(COOHCH.)^ 

0.875 

*(19) 

Acetoacetic acid 

H6C4O3 

CH3COCH2COOH 

LOO 


Butyraidehyde 

H8C4O 

CH2CH2CH2COH 

1.375 

*(20) 

Butenol 

HsCiO 

CHaCH^CHCHoOH 

1.375 

*(21) 


Cs Compounds 


Valeraldehyde 

HioCsO 

CH3(CH2)3CH0 

1.40 

*(22) 

Pentenol 

liioao 

CHaCHoCH^CHCILOII 

1.40 

*(23) 


Cg COxMPOUNDS 


Citric acid 

HsCsO? 

: (C00HCH2)2==C0HC00H 

0.75 

*^(24) 

Aconitic acid 

I'IsCeOe 

COOHCH=C(COOH)CH2COOH 

0.75 

*(25) 

Tricarballylic acid 

HgCeOe 

C00HCH2CH(C00H)CH2C00H 

0.83 

*(25) 

Glucuronic acid 

H 10 C. 0 , 

CH0(HC0H)4C00H 

0.83 

*(26) 

Ascorbic acid 

HaCeOe 

C/. formula lO.I, p. 271 

0.83 

*(27) 

Capraldehyde 

HisCeO 

CH3(CH2)4CH0 

1.25 

*(28) 

a-Hexenic acid 

HioCeOa 

CHs(CH2)2CH=CHCOOH 

1.25 

*(29) 

a-Hexenaldehyde 

HioGcO 

CH3(CH2)2CH=CHCH0 

1.33 

*(30) 

Q!-Hexenol 

H12C60 

CH3(CH2)2CH==CHCH20H 

1.41 

*(31) 


Many of the asterisks in table 10 J refer to occasional, qualitative observations. 
The unreliability of such data can be judged from the critical reviews by Franzen and 
Stem (1921), who found that only four out of several hundreds of analyses purporting 
to prove the presence of lactic acid in plants were reliable, and by Franzen and Keyssner 
(19230, who approved unconditionally only 15 analyses out of 235 which allegedly 
proved the presence of malic acid. 

No claim for completeness is made for table 10.1, and the following notes also 
represent only a small part of the material on which a complete review of the subject 
should be based. More material can be found, e. in Czapek^s Bioch&nie der Pflanzen, 
Volume III (1925), and in an article by Bennet-Clark (1933). 

Notes to TABbE 10 J 

(1) Formic acid was called by Bergmann (1882) *^a common constituent of all 
leaves.” Ourtius and Franzen (1912*, 1914) found it in hornbeam leaves. These 


KEVIEW OF ANALYTICAL- BATA 


251 


results were criticked by Fiiicke (1913); but Franzen and Wagner (1918) and Franzen 
(1920) confirmed the presence of HCOOH in distillates from chestnut and oak leaves. 

(2) Formaldehyde: see page 255. 

(3) Methanol: 0.02--0.05% found in Hedera leaves, Nicloux (1913); found in horn- 
beam leaves, Curtins and Franzen (1914); in chestnut leaves, Franzen and Wagner 
(1918); in oak leaves, Franzeii (1920). 

(4) Oxalic acid, one of the most common of the leaf acids. See page 262. 

(5) Glyoxalic add: found (but the test was probably unspecific) in the Juice of 
green grapes and other green berries and in leaves, Brunner and Chuard (1886). In 
Chlorella, particularly after illumination, Kolesnikov (1940). 

(6) Glycolic acid: found in Amphelopsis hederacea, Gorup-Besanez (1872). See also 
Ordonneau (1891), Shorey (1899), Stolle (1900), von Euler (1906), Fincke (1914). 

(7) Glycolaldehyde: 0.01 g. found per 2 kg. of potato leaves, Rouge (1921). See 
Fincke (1914). 

(8) Acetic acid: found in hornbeam leaves, Curtins and Franzen (191 2^, 1914); in 
chestnut leaves, Franzen and Wagner (1918); in oak leaves, Franzen (1920). 

(9) Acetaldehyde: found in Agave mexicana, Rouge (1921); in more than 20 species 
of leaves, Maz4 (1920); in hornbeam, chestnut and oak leaves (“most abundant leaf 
aldehyde next to hexenaldehyde^’)? Curtius and Franzen (1912V 1914), Franzen and 
Wagner (1918), Franzen (1920); 0.01-0.001% in succulent leaves, Bennet-Clark (1933), 
Gustafson (1934). According to Griebel ( 1924 ^> 2 ^ 1925) and Klein and Pirschle (1925, 
1926), acetaldehyde is an intermediate product of plant respiration, and can be trapped, 
e. g., by means of dimedon (c/. page 256) in respiring flowers and leaves. 

(10) Ethanol: found in 29 leaf species, Maz4 (1920). 

(11) Mesoxalic acid: found in Medicago sativa, von Euler and Bolin (1909). 

• (12) Lactic acid: found in Agave sidliana, McGeorge (1912). According to Franzen 
and Stern (1921), only four out of hundreds of assays for lactic acid in plants, published 
before 1921, are reliable; one of them is in the leaves of Agave, Found in raspberry 
leaves by Franzen and Stern (1921, 1922); 0.8% of dry weight of blackberry leaves, 
Franzen and Keyssner (1921, 1923'-^); present inLactuca, Bubus, Rheum, md Vida f aba, 
Schneider (1939). 

(13) Ladaldehyde: present in poplar leaves, Maz6 (1920). 

(14) Propionaldekyde: found in chestnut leaves, Franzen and Wagner (1918). 

(15) Dihydroxymaleic add: probably present in Chlorella, Kolesnikov (1940); in 
Glaucium, Schmallfuss (1923), 

(16) Tartaric add. According to Franzen and Helvert (19232), among 82 published 
assays only five are reliable and one probably correct; none of them refers to leaves. 
No tartaric acid was found in blackberry leaves by Franzen and Schumacher (1921); 
however, it is present in Vitis vinif era lemes, according to Klein and WermT (1925). 
Over 5% R-artaric acid was found in leaves of Bauhinia reticulata by Rabatd and 
Goiir5vitch (1938). 

(17) Malic add: together with oxalic and citric acid, the most common plant acid, 
particularly in succulents and fruits, but also in ordinary green leaves. See page 262. 

(18) Fumarie add: in tobacco leaves. See Vickery and Pucher (1931). 

(19) Sucdnic add. According to Franzen and Ostertag (1923), out of 33 published 
assays only 10 are reliable and one probably correct; among them, 6 refer to leaves. 
Later results: 0.009% of dry weight in blackberry leaves, Franzen and Keyssner (1923) ; 
“small quantity^ in raspbeiry leaves, Franzen and Stern (1922); up to 1% in some 
leaves, but present in traces in all, Pucher and Vickeiy (1940); 0.5% in tobacco; 0.2% 
in maize and Bryophyllum; 0.03% m buckwheat, Pucher and Vickery (1941). 




252 


INTERMEDIATES IN EEDDCTION OF CO2 


CHAT. 10 


(20) Butyrddehyde: ia hornbeam leaves (next in abundance to hexenaldehyde), 
Curtins and Franjzea (1912^ 1914); in chestnut leaves, Franzen and Wagner (1918).; 
in oak. leaves, Franzen (1920). 

, (21). Butenol: in hornbeam leaves, Curtius and Franzen (1912®, 1914). 

,. (22) Vderddehyde: in hornbeam, chestnut, and oak leaves, Curtius and Franzen 
(1912^ 1914), Franzen and Wagner (1918), Franzen (1920). 

(23) Ferdenol: in hornbeam leaves, Curtius and Franzen (1912®, 1914). 

(24) , Citric acid: after oxalic and malic, the most common plant acid. See page 262. 

(25) Aconiiic and tricarhallylic add were found by Nelson and Hasselbring (1931) 
in green wheat, and by Nelson and Mottera (1931) in green barley, maize, oats, and rye. 

(26) Glucurmic acid: in leaves of Scutellaria altissima^ Paliadin (1916). Other 
^^uronic” acids also occur in plants. 

(27) Ascorbic add: present in aU green plants. See page 269. 

(28) Capraldehyde: present in chestnut and oak leaves, Franzen and Wagner 
(1918), Franzen (1920). 

(29) a-Hexenic add: in hornbeam leaves, Curtius and Franzen (1912^, 1914) . 

(30) a-Hexemldehyde: see below. 

(31) a-Hexenol: in hornbeam, chestnut, and oak leaves, Curtius and Franzen 
(1912®, 1914), Franzen and Wagner (1918), Franzen (1920). 

2. The Volatile Components of Green Leaves 

Our knowledge of the low molecular weight components of green 
leaves is rudimentary ; no attempts have been made to develop in this 
direction the analysis of the chloroplast matter^ whose isolation is 
described in chapter 14. What we know about these compounds is 
due largely to a series of 29 papers/^ On the Constituents of Green 
Plants,” initiated by Reinke (1881), continued by Ciuiiius and Reinke 
(1897), Reinke and Braunmuller (1899), and Curtius and Franzen (1910, 
1912^“®, 1915, 1916) and completed by Franzen and coworkers 

(1918-1923). A few of these papers dealt with the nonvolatile acids 
in leaves and fruits; but the majority were devoted to a large-scale 
fractionation of the volatile component|. ^The origin of the investigation 
was an observation of Reinke (1881), that steam distillation of green 
leaves yields a compound with the reducing properties of an aldehyde. 
Curtius and Reinke (1897) proved that it was not formaldehyde, as at 
first suspected. Reinke and Braunmuller (1899) determined the ^^leaf 
aldehyde” in different species, and observed an increase in its concen- 
tration during the day, suggestive of a relationship with photosynthesis. 
Curtius and Franzen (1910, 1912^) distilled 600 kg. of leaves of Carpinus 
hetulus (hornbeam) and obtained enough distillate to identify the aldehyde 
as the a-hexenaldehyde, CieHioO or CHgCHaCHaCH^CHCHO. 

The concentration of hexenaldehyde reaches 0,35 g. in 1 kg. of fresh 
leaves of Vitis vinifera, 0.29 g. in Casfanea vesca^ 0.11 g. in Quercus 
semflora, etc., corresponding to up to 0.1% of the dry weight of the 
leaves. Altogether, it was identified in 20 species. Subsequently, 
Curtius and Franzen (1912^'“^, 1914^) subjected 1500 kg. of hornbeam 
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leaves to steam distillation, while Franzen (1920) worked with a similar 
quantity of oak leaves. The distillates were fractionated, and it was 
found that hexenaldehyde is only the most abundant of many volatile 
components — acids, aldehydes, and alcohols — ^listed in table 10.11. 


Table lO.II 

Volatile Components op Gkbbn Leaves 


Component 

L 

Hornbeam | 

Chestnut 

Oak 

Acids 

Formic 

\ 0,50 

+ 

+ 

4- 

Acetic 

1.00 

+ 


: 4~ 

a-Hexenic 

! 1.25 

+ 



Higher unsaturated 


+ 

+ 

4- 

1 

Aldehydes 

Formaldehyde 

1.00 



? 

Acetaldehyde ! 

1.25 

+ 

+ 

+ 

Propionaldehyde 

1.33 


4- 


n-Butyraldehyde 

1.375 

+ i 

4- 

4- 

Valeraldehyde 

1.40 

+ 

4* 

4- 

Capraldehyde 

1.25 


+ 

4- 

a-Hexenaldehyde 

1.33 

4“ 

4- 

+ 

Higher unsaturated 


+ 

4“ 

4- 


Alcohols 


Methanol 

1.50 

4- 

4" 

+ 

Butenol 

1.375 

4- 

Lower homologues 

Penteno! 

1.40 

+ 

of hexenol 

CK-Hexenol 

1.41 

4* 

4- 

+ 

Higher unsaturated 


4“ 

+ 

+ 


« Curtins and Franzen (1912®, 1913) at first considered tLe presence of formic acid in AgaO-oxidized 
aldehyde-alcohol fraction as a proof of the occurrence of formaldehyde in leaves; but this conclusion was 
criticized by Fincke (1913). Later, Curtius and Franzen (1915) acknowledged that formic acid can be 
formed also by oxidation of methanol. 

The acids were precipitated with baryta. The aldehydes in the filtrate were 
oxidized with silver oxide, and the acids formed in this way also precipitated as barium 
salts. The filtrate was distilled, and the oil drops in the distillate extracted with ether; 
this fraction contained the alcohols. 

Franzen, Wagner, and Schneider (1921) found that the steam distillate 
(from 28 leaf species) also contains basic componen|}s, predominantly 
ammonia. Franzen and Wagner (1920) distiUed small portions (1 kg.) 
of leaves of 40 species and found that in all of them the presence of 
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UHsaturated alcohols: (similar to those listed in table 10 JI) m revealed 
■by a characteristic pleasant smell. 

: , , ;The volatile constituents of green leaves also were studied by Mazd 
;(1920)y but on a much smaller scale. He distilled, under reduced pres-, 
sure, leaves of 29 plant species and identified the following products: 
ethanol, C2H5OH (L = 1.5), and acetaldehyde, C2H4O (L = 1.25), in 
most species; glycolaldehyde, CH2OHCOH (L == LO), and lactaldeliyde, 
CHsCHOHCHO (L == 1.16), in the leaves of poplar; acetoin, ' CH3- 
CHOHCOCH3 (L == 1.25), in the leaves of green corn and peas, particu- 
larly if gathered in the evening. 

In this connection, we may also recall the observations of Meyer 
(1917, 1918) on the occurrence of oil droplets in the chloroplasts of 
certain leaves and algae (c/. Chapter 3). As mentioned on page 43, 
Meyer interpreted these droplets (which may be nothing else but the 
grana, recently recognized as normal constituents of most chloroplasts) 
as an ^^assimilatory secretion.^^ He did not determine the chemical 
composition of this secretion,’^ but compared its properties (volatility 
with steam, solubility in ether, insolubility in water, capacity to blacken 
silver nitrate in alkaline solution, smell, etc.) with the properties of the 
compounds isolated by Reinke, Curtius and Franzen, and concluded that 
they are nearest to those of hexenaldehyde. He suggested that hexen- 
aldehyde is a component of the ^'assimilatory secretion (only a compo- 
nent, because the quantity of hexenaldehyde found by Curtius and 
Franzen was much too small to account for the whole of the '^assimilatory 

secretion ’0* 

Meyer^s ^^assimilatory secretion has since apparently not been 
investigated. However, Wider (1936) made a renewed attempt to 
identify chlorophyll grana in chloroplasts with oil droplets. He suggested 
that the silver nitrate reduction by the chloroplasts (Molisch reaction, 
page 360) can be due to their content in hexenaldehj^de; but this sugges- 
tion was opposed by Dischendorfer (1937). 

Hexenol, hexenaldehyde, hexenic acid, and similar compounds are 
naturally suspect of being related to hexoses and this makes them 
interesting from the point of view of photosynthesis; and the same can 
be said of Maze’s acetoin. Since, however, both hexenaldehyde and 
acetoin are over reduced (I> > 1), it is highly improbable that they 
may serve as intermediates of photosynthesis; they are more likely to be 
its hy-products. 

(c/. Spoehr, Smith, Strain and Milner 1940), in a I'e-examination 
of the role of hexenaldehyde in leaves, found evidence that it is formed 
during the grinding of leaves. Whole leaves, or leaves which have been 
killed with hot water, toluene, or chloroform before grinding, yielded 
little or no hexenaldehyde upon distillation. If the grinding was carried 
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out in nitrogen or carbon dioxide, hexenaldehyde also was absent; it can 
thus be considered as an oxidation product. The material from which it 
is formed is unknown; but it must be even more strongly reduced than 
hexenaldehyde itself, and thus even less likely to be an intermediate of 
photosynthesis. 

C. The Formaldehyde Problem 

1. The Search for Formaldehyde in Leaves 

Because of the popularity of Baeyer’s ^formaldehyde theory^’ (1870), 
no other compound has been so eagerly searched for in plants as formal- 
dehyde— and with such uncertain results.^ Categorical statements that 
formaldehyde does occur in leaves have been answered by no less cate- 
gorical denials. Since formaldehyde is poisonous to plants, nobody haH 
ever expected to find a large quantity of this compound in leaves. It was 
therefore necessary either to apply very sensitive methods of assay, or to 
“trap^^ formaldehyde by a reagent which could be left in the cells for a 
certain time without disturbing photosynthesis. 

Earlier investigations were made by the direct analytical method. 
When Reinke (1881) discovered the presence of an aldehyde in the 
products of steam distillation of leaves (of. page 252), he at first thought 
it to be formaldehyde; but Curtius and Reinke (1897) showed that it 
lacked the specific properties of this compound. Pollacci (1899^' 1907) 
obtained positive formaldehyde tests with distillates of green leaves; 
but his results were contested by Plancher and Ravenna (1904). Grafe 
(1906) also claimed positive results, with a new reagent? diphenylamine 
and sulfuric acid; but Curtius and Franzen denied that it gives a color 
reaction with formaldehyde at all. Curtius and Franzen (1912) ob- 
tained formic acid by the oxidation of the aldehyde fraction of leaf 
distillates, and considered this as an indirect proof of the presence of 
formaldehyde; but Fincke criticized this conclusion and Curtius and 
Franzen (1915) found later that oxidation by silver oxide can also pro- 
duce formic acid from methanol (which is present in leaf distillates). 
Fincke (1913) used a new reagent (fuchsinsulfuric acid in the presence 
of hydrochloric acid), and concluded that the formaldehyde content of 
illuminated leaves is less than 5 X 10“'^%. He found further that, if 
formaldehyde is supplied to the leaves from outside, it is not found in the 
analysis, but is destroyed by the plant cells. 

Schryver (1910) claimed to have identified formaldehyde in chloro- 
phyll preparations, extracted from leaves by alcohol, evaporated and 
again extracted with ether, by means of Rimini's reagent (phenyl- 
hydrazine hydrochloride, potassium ferricyanide, and hydrochloric acid) . 


* Bibliography, page 275. 


' ;;256 ' ^ INTERMEDIATES IN REDACTION OF COjj CHAP, io 

However, Willstatter and Stoll (1918) who repeated these experiments 
obtained negative results. * 

■ Sabalitschka and ■ Riesenberg (1924®) too, were imable to find form- 
aldehyde in leaves. Even in leaves fed with formaldehyde, they found 
only a small residue of the supplied material (in conformity with Fincke’s 
■ observations). 

Klein and' Werner (1926) were the first to apply the method of 
trapping to the formaldehyde problem, using Voiiaiider^s reagent for 
aldehydes (5,5-diiiiethyl“l,3-cyclohexanedione, also called ^^dimedon^^ or 
^^methone^O' They saturated the plants (e. g., Elodea canadensis) with 
dimedon, left it in the illuminated plants for several hours, and then 
extracted again. The extract was distilled, the aldehyde-dimedon 
compound crystallised and identified by its crystal form and melting 
point. Formaldehyde quantities of the order of 10 mg. were isolated in 
this way from 100 g. of plant material, illuminated for 5 hours with 
7000-8000 lux. This is only 1-2% of the carbohydrate normally formed 
by photosynthesis during the same period. Acetaldehyde, but no 
formaldehyde, was found in plants which were kept in the dark, as well 
as in chlorophyll-free tissues, and this was interpreted as a proof that 
acetaldehyde is an intermediate product of respiration. 

The amount of formaldehyde trapped by dimedon in illuminated 
plants decreased upon the addition of phenylurethane or potassium 
cyanide — substances which inhibit photosynthesis. 

Klein and Werner^s conclusions were confirmed by van Goor (1926) 
and Pollacci and Bergamaschi (1929^* ^ 1930), who also used dimedon. 
Positive assays were also reported by Sommer, Bishop, and Otto (1933). 

On the other hand, Barton- Wright and Pratt (1930) found themselves 
unable to reproduce Klein and Werner^s experiments. Noack (1927) 
called attention to the narcotizing effect of dimedon on the photo- 
synthetic apparatus and suggested that the formaldehyde found by 
Klein and Werner came from the photodecomposition of sugars (or other 
organic compounds) rather than from photosynthesis. Noack’s ob- 
jections were disputed by Klein (1927) and by Pollacci and Bergamaschi 
(1930), who asserted that formaldehyde can be identified under conditions 
when photosynthesises not appreciably narcotized by dimedon. 

Vorlander (1928) suggested that formaldehyde may come from the 
oxidation of dimedon by nascent oxygen. Pollacci and Bergamaschi 
(1930) answered that they were able to obtain a positive formaldehyde 
test with dimedon also by first illuminating the leaves, and lAcn adding 
the reagent. However, this means an abandonment of the trapping 
technique and return to direct analysis, which, in the case of formaldehyde 
in plants, seems certain to fail; and in fact Klein and Werner have never 
found any formaldehyde in preirradiated leaves. 
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Thus, the results of formaldehyde assay in illuminated plants remain 
contradictory and inconclusive. 

2. Formaldehyde Feeding Experiments 

The second method used in biochemistry to identify the intermediates 
is the “substitution test.” One could think of testing Baeyer’s theory 
by investigating whether the plants would accept formaldehyde instead 
of carbon dioxide as a material for the synthesis of sugars. 

Experiments of this type have been attempted for over fifty years; 
but many circumstances conspired to make the results indecisive. In 
the first place, it was known even in Baeyer’s time that formaldehyde 
is poisonous to plants. Consequently, Loew and Bokorny (1887), who 
were the first to attempt the “formaldehyde feeding” of plants, used 
methylal, OC(OCH 3 ) 2 , as a nonpoisonous substitute (they assumed that 
it hydrolyzes in the cells to formaldehyde and methyl alcohol). They 
observed that certain algae, Spirogyra, for example, can grow in the dark 
in methylal solutions. Bokorny (1888) found that starch is produced 
by the algae from methylal, but only in light. Later (1892), the same 
author observed that sodium formaldehyde sulfonate, HOCH 2 SOsNa, 
is used by algae in the same way as methylal. Bouilhac (1901, 1902) 
and Bouilhac and Giustiniani (1903) obtained similar results with the 
Nostoc algae, both in methylal solutions and in weak solutions of form- 
aldehyde, but again only in light. Treboux (1903) obtained completely ' 
negative results in attempts to grow algae in formaldehyde or methylal 
solutions in darkness. 

Bokorny (1908, 1909, 1911) found later that algae are less easily poi- 
soned if the formaldehyde is in vapor form instead of solution; he found 
under these conditions, a production of starch from formaldehyde by 
illuminated Spirogyra. Grafe and Vprtheim (1909), Grafe and Vieser 
(1909), and Grafe (1911) observed that land plants, too, can stand 
comparatively high concentrations of formaldehyde vapor (up to 1.3% 
by volume) if their roots are protected, and are able to utilize it for the 
production of organic matter. Similar conclusions were reached by 
Baker (1913), who found that formaldehyde vapor is more poisonous 
to green plants in light than in the dark, and by E. and G. Nicolas 
(1922L2) who observed that formaldehyde is less poisonous to green pea 
plants than to seedlings not containing the green pigment. All these 
results indicate that, in the presence of chlorophyll, formaldehyde 
undergoes a photochemical decomposition which prevents poisoning. 
This conclusion agrees with the observation of Eincke (1913) that plants 
(or plant mash) rapidly destroy formaldehyde (c/. page 255). Whether 
this disappearance is due to sj/niAesis (polymerization to carbohydrates), 
or to decomposition (e. g., oxidation to formic acid, as in experiments on 
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photochemical oxidation of formaldehyde' m vitro; cf. Spoehr 1913, 1916) 
is a difficult problem/, because as lo'ng as air is present the formation .of 
sugars or starch from formaldehyde in light can, be explained by a, pre- 
liminary oxidation (or photoxidation) to carbon dioxide, followed by 
normal photosynthesis, as was pointed out by Willstatter and , Stoll 
(1918). Thus, to be entirely convincing, formaldehyde feeding experi- 
ments should be carried out in darkness, or in the absence of air. Of the 
earlier investigators, Bokorny, Bouilhac, and Grafe found that form- 
aldehyde assimilation occurs only in light, while Baker’s experiments 
indicated that it can take place in the dark as well. 

More recently, a number of investigators obtained results apparently 
confirming Baker’s conclusions. Jacoby (1920) found that leaves of 
Tropaeolum majus, kept in darkness for 24 hours in a stream of form- 
aldehj^de vapor, contained a 20-30% larger proportion of dry matter than 
the control leaves (c. g., 13.5% dry matter in “formaldeh 3 rde leaves,” and 
11.2% in control leaves). However, the absolute quantity of dry matter 
(as compared with that of fresh leaves) was not increased. In a second 
paper (1922), Jacoby found that elimination of ox^^gen does not affect 
the results. 

In a series of papers on “Aldehydes in Plants,” Sabalitschka (1922, 
1924, 1928), Sabalitschka and Riesenberg (1924^'^’^), and Sabalitschka 
and Weidling (1926^'^) obtained results similar to those of Jacoby. 
They first worked with water plants (Blodea cmiadensis) in formaldehyde 
solutions; and observed poisoning only with concentrations above 
0.02%, i e., considerably above the limit found by Bokorny (0.005%). 
Working below 0.02%, Sabalitschka (1922) found that formaldehyde 
was oxidized in light to formic acid, and the latter used for photosynthesis. 
Ill darkness, however, formaldehyde was converted directly into sugars 
or high polymers. Sabalitschka and Riesenberg (1924^ made experi- 
ments with whole plants of Phaseolus multiflorum in a formaldehyde 
atmosphere, and found that the formaldehyde-fed plants contained three 
or four times more sugar and starch then starved control plants. The 
total dry weight was sometimes (but not always) larger than before the 
experiment. 

In his next paper, Sabalitschka (1924) investigated the stimulating 
effects of formaldehyde on the germination of seeds, fermentation of 
glucose by yeast, etc., and concluded that the concentrations of form- 
aldehyde which gave positive results in feeding experiments (0.001%) 
were not likely to affect the activity of the enzymatic system responsible 
for the polymerization process. Sabalitschka and Weidling (1926^) 
returned to experiments on Elodea in formaldehyde solutions, and found 
that the highest concentration of §t^h is obtained by feeding a 0.024% 
formaldehyde solution (21.9%'# dry weight in formaldehyde leaves, as 
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against 19 . 2 % at the beginning of the experiment, and 15.7% in the „ 
starved control plants): Illumination had no. effect on these., results. 
Formaldehyde poisoning of photosynthesis in Elodea begins at about 
0 . 024 % and leads to a complete suppression at 0.033%; the „ catalase ; 
activity becomes affected in the same range of concentrations. 

Positive results were obtained also by E. and G. Nicolas (1922^*^1 
1923) in experiments on the effect of formaldehyde (0.01%) on the | 
growth of peas. They noticed that, in the absence of chlorophyll, the 1 
effect of formaldehyde was a purely toxic one. 

Bodndr, R6th, and Bernauer (1927) criticized Sabalitschka^s experi- 
ments for the lack of a direct proof that the difference in composition 
betw’’een the formaldehyde-fed and starved plants was due to an assimila- 
tion of formaldehyde rather than to the poisoning of respiration. (How- 
ever, this objection does not appl}^ to experiments in which the dry weight 
after formaldehyde feeding was higher than at the beginning of the ex- 
periment.) Bodndr and coworkers observed a significant increase in the 
percentage of dry matter in formaldehyde-fed leaves; although the respi- 
ration of these leaves was strongly inhibited (by about 50%), this inhibi- 
tion could account only for a small part of the observed difference in dry 
weight. They found that no positive iodine test could be obtained with 
formaldehyde-fed leaves of Tropaeolum, and suggested that sugars (and 
not starch) are the only products of polymerization of formaldehyde by 
leaves. 

That changes in water content did not affect the percentage of dry 
matter in ^formaldehyde leaves,^’ was shown by the observation that 
these leaves had a heavier dry weight and a larger sugar content than 
did the fresh leaves before the experiment — and not only than the starved 
control leaves. 

Bodndr and coworkers finally found that the production of reducing 
sugars from formaldehyde is catalyzed also by leaf mash and dried leaf 
powder, thus indicating the presence in this mash of a polymerizing 
enzyme. No sugar was obtained from acetaldehyde with leaf mash; 
neither was acetaldehyde assimilated by leaves (c/. page 261). Boiling 
destroyed the activity of leaf powder or leaf mash, indicating the de- 
naturation of the enzyme. 

Expeiiments of West and Ney (page 273) indicate the possibility that 
Bodnar’s polymerization catalyst may he asm'bic acid, (However, the 
West and Ney experiments dealt only with the polymerization of form- 
aldehyde in alkaline sohxtiom.) Results similar to those of Sabalitschka 
and Bodndr and coworkers were also obtained by Godnev and Korshe- 
nevski (1930) with leaves of Tropaeolum, Pelargonium^ Tilia, and Urtica. 

These investigations by several independent workers appeared to 
have settled definitely the question of the formaldehyde assimilation by 
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green leaves. One could discuss the weight of this fact as an argument 
in favor of Baeyer's hypothesis (c/. page 247); but the fact itself seemed 
to be established beyond doubt. Recently, however, the correctness of 
these , results was challenged by Paechnatz (1938) in Noack’s laboratory. 
She experimented with Elodeaj Chlorella and Twpaeolwm^ and found no 
evidence whatsoever of the capacity of these plants to utilize form- 
aldehyde for the synthesis of 'sugars. ■ Even with concentrations as low 
as 0.003% (that is, considerably below Sabalitschka^s optimum), she 
observed nothing but poisoning, both of respiration and of photosynthesis. 
The only positive effect was an increase in the relative quantity of sugars 
in the dry substance of formaldehyde-fed plants. However, this differ- 
ence was caused by the fact that sugars were less affected by ex-osmotic 
processes caused by formaldehyde poisoning than other constituents of 
the cells. The absolute quantity of sugars was decreased rather than 
increased by formaldehyde ^Teeding.’^ Attempts to repeat Bodnar’s ex- 
periments on polymerization of formaldehyde by leaf powder also fell 
short of positive results. Formaldehyde was found to disappear in the 
presence of plant cells — as observed eariier by Fincke (1913) — but this 
was caused by catalytic oxidation rather than by polymerization. 

Thus, the problem of formaldehyde assimilation by green plants 
remains open. Paechnatz’ suggestion of errors which might have marred 
the results of earlier authors does not account for all of their positive 
experiments, especially those in ■which the ^‘formaldehyde leaves’’ were 
found to possess a higher dry weight and a higher sugar content than 
fresh leaves. 

Bottomley and Jackson (1903) asserted that Tro^paeolum ynajm can grow if carbon 
monoxide is supplied to it instead of carbon dioxide, and saw in this result a confirmation 
of Baeyer’s theory. Their observations have never been repeated, and one may venture 
to suggest that the measures taken to prevent the access of small quantities of carbon 
dioxide to the plants were not as efficient as the author! thought them to be. 

; 3. Feeding of Plants with Other Low Molecular Weight Compounds 

While the acceptance of formaldehyde as food by algae and other 
green plants remains a subject of controversy, doubts also arise as to 
whether even unquestionably positive results of formaldehyde feeding 
would carry much weight as arguments in favor of Baeyer’s theory. 
These doubts derive from the fact that not only hexoses and pentoses (c/. 
Chapter 3) and their close derivatives (sugar alcohols, uronic acids, etc.), 
but also compounds with shorter carbon chains (C 2 to G5) can be utilized 
by plants for conversion into starch in the dark. Thus, Meyer (1885) 
found that leaves can synthesize sugar from glycerol, and Bokorny (1897) 
gave a long list of compounds which algae can utilize for the production 
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of starch, including;' gl^ glycerol, methanol,, phenol, acetate, lactate, 
and butyrate. 

Treboux, (1905) found that' in,any algae, CMordla, Stichocoecus, and 
ChlamydomonaSj for ' instance, : can live in darkness on acetate (some 
thrive on this food even better than on glucose), and a few can use also 
lactate, butyrate, or citrate; but they all refuse to accept other organic 
acids, including formic, propionic, valeric, oxalic, malic, succinic and 
tartaric. 

Sabalitsclika and Weidling (19262) found that EMea canademu also can form 
starch from acetaldehyde^ both in darkness and in light, the optimal Concentration being 
0.032%, that is, somewhat higher than that of formaldehyde. (Acetaldehyde begins to 
retard the enzymatic activity of the plant— e. g., respiration and catalase activity 
only at concentrations above 0.3%. ) Photosynthesis is stimulated by acetaldehyde 
concentrations up to 0.13% and retarded above this limit. Bodnd,r, Udth, and Bemaiier 
(1927) and Bodndr (1928) opposed Sabalitschka’s conclusions and insisted that form- 
aldehyde alone is assimilated and thus can cause an increase in dry weight, while acet- 
aldehyde merely reduces respiration, and thus makes the weight of the treated leaves 
higher than that of the starved control leaves (which lose more weight by respiration). 
It does not appear however, that this suggestion can account for all of Sabalitschka's 
results. 

Whatever the truth about acetaldehyde is, there is little doubt that 
acetic acid, glycol, glycerol, and many other compounds can be used 
as foods to support plants in absence of photosynthesis. The prefer- 
ence of many organisms for acetates has been confirmed by Lwoff (Lvov) 
and coworkers. Lwoff (1932) and Lwofif and Dusi (1935) investigated 
the food requirements of green flagellates {ChlamydomonaSj Euglena^ 
Chlorogoniumj etc.) — Protozoa of a predominantly ^Vegetative’' char- 
acter — which can develop in darkness provided they are supplied with 
an organic source of nitrogen and a simple source of carbon. Lwoff and 
Dusi found that some species thrive on propionate, butyrate, valerate, 
caproate, pyruvate or lactate, but that the only two organic compounds 
which all of them will accept are acetate and soluble starch (while even 
glucose, fructose, or sucrose are rejected by some of them). Lwoff and 
Dusi suggested that acetic acid may be the first product of carbohydrate 
synthesis not only in Protozoa but also in the higher algae and land plants. 

In reviewing the list of simple compounds capable of supporting the 
growth of plants in the dark, we find that they almost invariably belong 
to reduction levels above, or equal to, that of the carbohydrates. 

Treboux was surprised that acetic acid should be preferred to the 
common plant acids (e. g,, malic and oxalic); but consideration of the 
reduction levels gives a plausible explanation. Compounds which can 
be used for conversion into starch in the dark are those whose L values 
are > 1, for instance: for glycol, L = 1.25; butyric acid,. L == 1.25; 
glycerol, L = 1.16; acetic acid, L = 1; lactic acid, L == 1; etc. Com- 
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pounds which are unsuitable as plant foods in the dark are usually those 
with L values less than unity, as: formic acid, L == 0.5; oxalic acid, 
L = '0.25; malic acid,, L = 0.75; succinic acid, L = 0.875; and tartaric, 
acid, L.,= 0.625. 

, Some exceptions from this rule have been reported, citrate being the 
most notable of them; and we shall consider their significance on page 
266. , 

At present, we want only to stress that plants contain enzymatic 
systems which enable them to convert into carbohydrates in the dark 
most, if not all, simple organic compounds whose reduction level is so 
high that their conversion does not require a supph^ of energy. Thus, 
even if formaldehyde were definitely proved to be an acceptable food for 
plants, it would only join the large number of compounds of similar 
degree of reduction which possess the same property; nobody will claim 
that all these compounds should be considered as intermediates of photo- 
synthesis (and few will agree with Lwmff that acetic acid should be picked 
out as the only such intermediate). 

D. The Problem of Plant Acids ^ 

/The assumption that organic acids play the role of intermediates in 
photosynthesis, as suggested by Liebig one hundred years ago, is sup- 
ported indirectly by three kinds of observations. In the first place, some 
of thesd acids are present in all green plants (although they are found 
also in colorless plant organs). In the second place, some plants, at 
least, can convert these acids in light into carbohydrates. In the third 
place, they are known to play the part of intermediates in respiration, 
which in its net result, is a reversal of photosynthesis. 

1. Occurrence of Plant Acids in Leaves 

Table lO.I lists, besides alcohols and aldehydes, a number of organic 
acids oi low molecular weight (e, g,, glyoxyliCj glycolic, tartronic) m 
occasionally present in green plants. Table lO.II shows for7nic acid 
and acetic acid among the volatile components of leaves. However, 
when one speaks of plant acids’^ one commonly means not these 
comparatively rare constituents but the three or four acids which are 
widely distributed in plants, partly in the free form, and partly as salts. 
Omitting for the present ascorbic acid, whose role will be discussed in 
Section E, the three common plant acids are oxalic, malic, and citric. 

Their distribution in the plant world is anything but uniform. Not 
only are there large variations from species to species and from tissue to 
tissue, but even from place to place in one and the same tissue. Strong 

* Bibliography, page 277. 
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.concentration changes can .take place, in ; a plant in the course of tlie 
season, or even of a single day. 

We shall quote a few figures to show the range over which the concentration of 
plant acids may vary in different species. On the one extreme, Franzen and Keyssner 
(19232) found, in the leaves of Rubus fructicosus (blackberry), in addition to 0.8% lactic 
acid and 9 X 10“3% succinic acid, only 1,5 X 10“-*% malic acid and 3 X 10“*% oxalic 
acid. On the other extreme, leaves have been observed to accumulate up to 10 or 
20% citrate, oxalate, or malate. 

The presence of microscopic crystals of add potassium osalcde in Oxalis acetosella 
(clover sorrel) was known to Malpighi as early as 1686. The concentration of oxalate 
in the leaves of common sorrel (Rumex) and of rhubarb (Rheum) is over 1%, and in 
the leaves of beet, 4% (c/. Czapek 1925, p. 71). The leaves of Begonia semperfiorem 
may contain up to 20% oxalate (Ruhland and Wetzel 1926); and in some cacti (e. gr., 
Pilocerus smilis), th^ concentration of calcium oxalate, increasing with age, can finally 
reach 90% of the total dry matter. A list of typical oxalate plants’^ was given by 
Bennet-Clark (1933). 

Malic acid was first discovered in fruits, but Vauquelin (1800) found that it is also 
present in large quantities in succulent leaves, as in those of Bryophyllum. Early 
determinations of malic acid in leaves were made by de Fries (1884), Warburg (1886), 
and Ordonneau (1891). However, according to Franzen and Keyssner (1923^), out of 
235 assays for malic acid in plants only 15 were reliable (5 of them in leaves) and 11 
probably correct (7 of them in leaves). However, there seems to be little doubt that 
small quantities of malic acid are present in most, if not all, leaves and algae. Franzen 
and Keyssner (19232) found 1.5 X 10"*% malic acid in blackberry leaves; Ruhland and 
Wetzel (1926) found 0.5% in Begonia semper fiorens, Klein and Werner (1925) identified 
it in five species of nonsuceulents; Zacharova (1934), in pine needles; Vickery and 
Pucher (1931) and Pucher, Wakeman, and Vickery (1937), in tobacco leaves; Pucher, 
Clark, and Vickery (1937*- 2 )^ in rhubarb leaves; Pucher, V7akeman, and Vickery (1939), 
in buckwheat leaves; and Kylin (1931), in browm algae. 

The concentration of calcium malate in some succulents reaches 8% (Agave sidliana), 
14% (Mesembryanthemum crystallinmn), or even 25-50% (certain Crassw^aceac) (Czapek 
1925, pp. 80-82). In addition to succulents, malic acid is present in comparatively^ 
large concentrations also in many “oxalate plants,^' e. gr,, rhubarb. A list of “malate 
plants” was given by Bennet-Clark (1933). 

The early assays of citrates in plants, were critically reviewed by Franzen and 
Heivert (1923) who recognized as reliable only 16 out of 137 published figures; however, 
small quantities of citrate are undoubtedly present in a majority of green plants. 
Citrate was found by Vickery and Pucher (1931), Pucher, Sherman, and Vickery (1936) 
and Pucher, Wakeman, and Vickery (1937) in tobacco leaves; by Pucher, Clark, and 
Vickery (1937) in rhubarb leaves; and by Pucher, Wakeman, and Vickery (1939) in 
buckwheat leaves. Wolf (1939), Guthrie (1934), and Borgstrom (1934) showed that 
citric acid replaces malic acid as the main product of acid metabolism in certain succu- 
lents* Kleinia neriifolia, for example, accumulates, according to Borgstrom, as much 
as 17% citrate. 

Oxalate cr5^stals grow steadily in many plants, and obviously represent 
excretions (although they can occasionally be redissolved). Of all the 
organic acids, oxalic acid has the lowest reduction level (D == 0 . 25 ); it 
thus contains the least chemical energy and can be discarded without 
much waste. . 
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, The role of malic and citric acid in the metabolism of plants is certainly 
a more active one, since even in plants which accumulate large quantities 
of these acids, their concentrations are subject to rapid fluctuations. They 
are to be considered as intermediary metabolites, and not as excretions. 

Their precise metabolic function has not yet been definitely established, despite 
the extensive studies of Ruhland, Wetzel, and coworkers in Germany (Ruhland and 
Wetzel 1926; Ullrich 1926; Ruhland and Wetzel 1927; Wetzel 1927; Ruhland and 
Wetzel 1929; Bendrat 1929; Wetzel and Ruhland 1931; Wolf 1931; Schwartze 1932; 
Ruhland and Wolf 1934, 1936; Wolf 1937, 1939^*^), as well as of Vickery, Pucher, and 
coworkers in America (tobacco leaves: Vickery and Pucher 1931, 1933^*-, 1935; Pucher, 
Wakeman, and Vickery 1937; Pucher, Vickery, and Wakeman 1938; Vickery, Pucher, 
Wakeman, and Leavenworth 1937, 1938, 1939; Vickery and Pucher 1939; rhubarb 
leaves: Pucher, Clark, and Vickery 1937^' Pucher, Wakeman, and Vickery 1938; 
Vickery and Pucher 1939; buckwheat leaves: Pucher, Wakemanf and Vickery 1939) 
and of Bennet-GIark in England (Bennet-Clark 1933, 1934; Bennet-Clark and Woodruff 
1935). Cf. reviews by Ruhland and Wolf (1934, 1936), Bennet-Clark (1937), and 
Vickery and Pucher (1940). 

There is considerable disagreement between these authors as to the interpretation 
of many results. Ruhland and Wetzel suggested that, in the plants of the so-called 
“acid type" (e. g,, rhubarb and sorrel), both oxalic and malic acid are formed by de- 
amination of aminoacids rather than by oxidation of carbohydrates; but Vickery and 
Pucher, as well as Bennet-Clark, opposed this view. They agreed, however, that funda- 
mental differences exist between the acid metabolism of succulents, that of “acid-type 
plants," and that of other nonsucculents (of the latter, only tobacco and buckwheat 
have been investigated in some detail). 

2. Acidification of Succulents 

The question of the role of plant acids in photosynthesis arises most 
acutely in the interpretation of the acid metabolism of succulents. Its 
most striking characteristic is a diurnal rhythm. The accumulation of 
acids in succulents during the night and their disappearance during the 
day has attracted much attention since its discovery by Heyne in 1819. 
A table compiled by Bennet-Clark ( 1933 ) shows that in some plants the 
titratable acidity increases from evening to morning by as much as a 
factor of 12, whereas in others the increase is only of a few per cent. 
In some cases a nightly decrease in acidity was observed. (However, 
titratable acidity is not an entirely adequate measure of the production 
of plant acids, since other factors also may affect the pH of the sap.) 
The daily fluctuation of acidity in most succulents is due mainly to the 
formation and disappearance of malic acid, but in some species, citric 
acid accounts for the largest part of the effect. However, even acids 
present in a relatively small concentration, participate in the fluctuations 
together with malic and citric acid (Wolf 1939 ). 

An explanation of the acidification cycle was suggested by Meyer in 
1887. He pointed out that succulents, because of their relatively small 
surface, may have difficulty in obtaining from the outside an adequate 
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supply of carbon dioxide for photosynthesis. They may have therefore 
evolved a mechanism by which the products of respiration, formed during 
the night, can be utilized for photosynthesis during the next day: instead 
of burning carbohydrates completely to carbon dioxide, they interrupt 
the respiration at the stage of malic or citric acid and store these acids 
in the leaves until morning. Meyer's explanation implies that the 
plant acids are respiration intermediates; their disappearance in light can 
be interpreted as evidence that they also are intermediates of photosynthesis - 

The first suggestion is supported by the fact that acidification occurs 
at the cost of carbohydrates (Kraus 1873 ; Wolf 1931 ; Bennet-Clark 
1933^). Not more than one molecule of acid appears for each disap- 
pearing carbohydrate molecule (Wolf). Bennet-Clark suggested, how- 
ever, that (at least in Sedum) the acidification occurs by the oxidation 
of sedoheptulose, rather than that of hexoses. Warburg ( 1886 ) asserted 
that acidification occurs only in air, but Bendrat ( 1929 ) observed that 
it can proceed also in absence of oxygen; it thus appears that acids may 
be produced by fermentation rather than (or as well as) by the autoxi- 
dation of the sugars. 

The second part of our hypothesis — ^the attribution of deacidification 
to a resynthesis of carbohydrates in light — is supported by the observation 
of Meyer ( 1878 ) that succulents deprived of carbon dioxide nevertheless 
produce carbohydrates in light, until their reserve of acids is exhausted; 
and by the experiments of Warburg ( 1886 ) who found that Bryophyllum 
can synthesize carbohydrates in light from externally supplied malic acid. 
It is, however, difficult to choose between two possible mechanisms of 
resynthesis — the direct photochemical reduction of malic (or citric) acid 
(i. e., photosynthesis with organic acids as substitutes for carbon dioxide), 
and an oxidation (or photoxidation) of the acids to carbon dioxide 
followed by ordinary photosynthesis. The possibility of indirect re- 
synthesis was pointed out by Spoehr ( 1913 ) and Willstatter and Stoll 
(1918). Obviously the direct mechanism (if confirmed), would provide 
an argument (equivalent to a successful substitution test) in favor of 
organic acids as intermediates of photosynthesis. 

Warburg (1886) and Astruc ( 1903 ) found that the rate of deacidifica- 
tion is reduced by an increase in the pressure of carbon dioxide; this 
may indicate a competition between carbon dioxide and the organic acids 
for the part of oxidants in photosynthesis and thus support the direct 
reduction theory. On the other hand, the simultaneous evolution of 
oxygen and carbon dioxide during deacidification, first noticed by Meyer 
(1878) and confirmed by Aubert ( 1890 , 1891 , 1892 ), can be quoted in 
favor of the “indirect reduction'^ theory, since direct photosynthesis of 
carbohydrates from acids, although it can reduce the carbon dioxide 
consumption during the deacidification period to zero, could not cause a 
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UberoHon of this gas. • Since the carbon dioxide liberation is larger than' 
ordinary ^ Mark” respiration,, an additional of mcimMated. 

acids is ..clearly indicated by these observations (cf. 'Chapter 19) . Another 
argument in favor of deacidification in light being an oxidative process 
is. the^ observation of Kraus (1873) and Richards ^915) that it requires 
the presence of oxygen. 

■ On the whole, evidence favors a primary oxidation or photoxidation 
of accumulated acids in succulents, rather than a direct photochemical 
reduction of these acids to carbohydrates; but the issue is not settled. 

Another complication arises from the fact that deacidification is not 
necessarily a photochemical effect. De Pries (1884) found that, after 
eight or ten hours of acid accumulation, deacidification begins even if 
the plants remain in darkness. The decrease in acidity in artificially 
prolonged darkness was confirmed by Bennet-Clark (1933, 1934) and 
Thoday and Jones (1939). We do not know whether the ^Mark” 
deacidification also leads to a resynthesis of carbohydrates, or whether 
it is a purely oxidative process. From the point of view of the theories 
which assume that all reduction steps in photosynthesis between fC 02 } 
and {CO 2 O} must be photochemical (c/. Franck and Herzfeld^s scheme, 
7.VA), a “dark” conversion of malic or citric acid into carbohydrates 
appears impossible. The reduction levels of these acids are less than 
unity, i. c., they cannot be converted into carbohydrates without a supply 
of energy. However, we have also discussed, in chapter 7, reaction 
schemes in which only the first step in the reduction of carbon dioxide 
utilized light energy, while the energy required for the subsequent 
reduction steps was supplied by dismutations. Thus, hnalic and citric 
acid could be reduced to carbohydrates without the help of light, if one 
part of them were simultaneously oxidized. Such an enzymatic dismu- 
tation w^as deemed probable by Bennet-Clark (1933), and is supported 
by the fact that the respiratory quotient of succulents during dark 
deacidification is often much higher than 1.33, the value corresponding 
to the combustion of malic acid (Wolf 1939). (For pure dismutation, 
this coefficient should be infinity.) Other experimental facts can be 
quoted in connection with this discussion. It was mentioned on page 
262 that in experiments on starch production by algae in the dark, the 
rule that only substances with L > 1 can be utilized for this purpose 
was found to allow of some exceptions. Bokorny (1897) listed succinic, 
citric, and tartaric acid (L = 0.875, 0.75, and 0.625, respectively) as 
acceptable foods. Treboux (1903) found that, while succinates, mai^tes, 
and tartrates are ineffective, citric acid (L == 0.75) is utilized by the 
algae; this was confirmed by Zumstein (1899). Similarly, Lwoff (1932) 
and Lwoff and Dusi (1935) found pyruvate (L = 0.833) to be a satisfac- 
tory source of carbon for the dark growth of some species of FfogfelWa. 
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All this makes plausible the theory that the dark deacidification, of 
succulents is a dismutation into carbon dioxide and carbohydrates (thus 
lending indirect support to the ^^dismutation theory of photosynthesis). 
The deacidification in EghijjtoOj may be a complex process, involving 
both photoxidation to carbon dioxide (with the latter becoming available 
for photosynthesis) "and the formation of carbohydrates by reduction or 
dismutation of the acids without the substrate’s passing through the 
stage of free carbon dioxide. It may be mentioned here that Spoehr 
(1913) and Volmar (1923) found that some formaldehyde is produced, 
together with formic acid and carbon dioxide, when oxalic, malic, or 
succinic acid is photoxidized in ultraviolet light in vitro. 

Wolf (1931) suggested that the mechanism of deacidification in light 
is the same as in the dark, with light merely accelerating it by assisting 
in the removal of carbon dioxide. However, the irreversibility of the 
oxidation process argues against ascribing a retarding effect to the 
accumulated oxidation products. 

3. Plant Acids in Nonsucculents 

We have seen in the preceding section that a direct participation of 
malic and citric acid in the photosynthesis of succulents appears possible, 
but is by no means certain. The existence of a relationship between the 
metabolism of malic and citric acid and photosynthesis in nonsucculents 
is even less clear. It was mentioned above, that Euhland and Wetzel 
(1929) attributed the acid formation in ‘‘oxalate plants” to the de- 
amination of amino acids (rather than to an oxidation or fermentation 
of carbohydrates). In confirmation of this point of view, they mentioned 
that an equivalent quantity of ammonia is liberated simultaneously with 
the formation of malic acid. However, Pucher, Wakeman and Vickery 
(1938) found that rhubarb leaves can produce malic acid from externally 
supplied glucose; and Pucher, Clark, and Vickery (1937) denied the 
existence of a parallelism between the liberation of ammonia and the 
production of malic acid (or any other plant acid). 

Even if we assume that malic and citric acid in nonsucculents are 
under all circumstances products of the carbohydrate metabolism, we do 
not know^ whether they are regular respiration intermediates, or by- 
products. Considerations as to the role of acids in plant respiration have 
usually been adaptations of the more thoroughly investigated mechanism 
of glucose oxidation in heterotrophic cells (muscle tissue, yeast cells) 
which vrere not suppox'ted by direct experimental evidence. 

In the respiration cycle given in scheme 9.11, the conversion of 
pyruvic acid into malic acid is accompanied by an evolution of carbon 
dioxide. In the acidification of succulents, on the other hand, no carbon 
dioxide is liberated (cf. Wolf 1931, and Bennet-Clark 1933). This has 
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caused Wet 2 sel and Ruhland (1932) to apply to the latter process the 
alternative resniration cycle, lO.II, originally suggested by Toenissen 
and Brinckman (1931) to explain the failure of attempts to induce 
certain tissues to use acetate (instead of pyruvate) for the formation 
of succinate — a substitution which should be possible according to 
scheme 9.II. ^ 

‘W^ETBEjWnON : CHjCOCOOH ♦ 3HjO — *• COj+ 2HCOOH + 6 {h) 


Pyruvic ocCd 



(Pyruvic ctctd) 


{Oxalactti-ic acid) 


(Malic acid) 


2 (Pyruvic acid) 
aCHj-CO-COOH 

I"'' 

Dikotoadipic acid 
CHjtCO-COOH 
CH,-CO-COOH 


Succinic acid 
(CH^COOH). 



2 (Formic acid) 
an-cooH 


Fumaric acid 


Firih«ras in ScH«m« 9.11 


Scheme 10.11. — The respiration cycle after Toenissen and Brinckman. 


Scheme lO.II avoids the formation of carbon dioxide between pyruvic 
and malic acid; but it calls instead for the formation of two molecules of 
formic acid, which has not been observed in succulents, and whose fate 
must be explained before the scheme can be considered as plausible. 

Schemes 9.II and lO.II do not include citric acid. However, in the 
study of animal respiration, citric acid has also been found to play an 
important part. Krebs and Johnson (1937), Martins and Knoop (1937), 
and Martins (1937, 1938) have attempted to account for this part by 
a new cycle, which starts with one molecule each of oxalacetic acid and 
pyruvic acid, and ends with the restoration of oxalacetic acid and the 
decomposition of pyruvic acid. This cycle includes citric, aconitic, 
isocitric, oxalosuccinic, a-ketoglutaric and succinic acids as intermediates; 
the further transformation of succinic acid follows scheme 9.II. Since 
many details of this cycle are controversial, we do not reproduce it here. 
The essential point is that, according to it, both citric and malic acid are 
intermediates of respiration, with citric acid 'preceding malic acid in the 
cycle. It is thus tempting to apply this cycle to the formation of malic 
and citric acid in plants. Pucher, Clark, and Vickery (1937) noticed that 
the sum of the malic and citric acid in rhubarb is approximately constant 
throughout the leaf, but the proportion of citric acid increases and that 
of malic acid decreases from stem to tip, thus indicating an interconver- 
sion of the two acids. However, it seems that, in leaves, malic acid is 
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converted in the dark into citric acid (rather than vice versa), as if the ' 
Krebs-Martius-Knoop cycle were running in reverse. Thus, Mikhlin 
and Bakh (1938) found that tobacco leaves convert externally supplied 
pyruvic, malic, and oxalacetic acids into citric acid. Pucher, Wakeman, 
and Vickery (1937) added the observation that, in tobacco leaves, malic 
acid disappears in darkness and is replaced by an equivalent quantity of 
citric acid. 

It is by no means certain that all glucose respiration in plants proceeds through a 
triose stage. To the contraiy, evidence has been obtained of glucose oxidation processes 
which begin by direct oxidation to glucuronic acids (c/., for example^ Miiller 1928, 
Boysen-Jensen 1931, and Harrison 1933). Recently, this mechanism was also discussed 
by Emerson, Stauffer and Umbreit (1944). It is possible that the formation of citric 
acid in plants occurs by a similar mechanism; at least this assumption has been found 
useful in the discussion of the way in which citric acids is produced from sugars by 
certain moulds, Aspergillus nigefy for example (cf, Butkevich 1925; Butkevich and 
Gaevskaja 1935; Barinova and Butkevich 1936; Wells, Moyer and May 1936). Allsop 
(1937) suggested that oxalic acid, too, is formed by moulds by the way of uronic acids, 
and not by the intermediary of Ca compounds. 

E. Ascorbic Acid in Green Plants* 

1, Ascorbic Acid in the Chloroplasts 

The function of ascorbic acid (vitamin C) in plants is unknown, but 
its formula, which shows it to be a dehydrogenation product of hexoses, 
indicates the possibility of its being an intermediate product of either 
photosynthesis or respiration. On the other hand, the capacity of 
ascorbic acid for reversible oxidation-reduction may assign to it the 
part of an oxidation-reduction catalyst, rather than that of an intermediate. 

Ascorbic acid was the subject of very extensive research, and only a 
few results can be communicated here. (For more ample information, 
we may refer to the monograph by Giroud 1938.) / The compound is 
present in the green parts of all plants, and in many colorless plant 
tissues as well. Giroud, Ratsimamanga and Leblond (1934) and Giroud, 
Leblond and Ratsimamanga (1934) found a significant parallelism be- 
tween the concentration of ascorbic acid and that of chlorophyll in 
different plants; this conclusion was later contested by Mirimanoff (1938, 
1939), who suggested an association of ascorbic acid with flavomls in 
the cell sap; but Giroud^s statistical relationships were confirmed by 
other investigators, e. g., Reid (1938) and Moldtmann (1939). However, 
Neish^s (1939) direct determinations of the ascorbic acid content of 
separated chloroplast matter (cf. Chapter 14) did not show much differ- 
ence between its concentration in the chloroplasts and in the leaves as a 
whole, as shown by table 10. III. Bukatsch (1940) used dichlorophenoh 

Bibliography, p. 279. 
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Table 10,111 


Distbibution op Ascoebic Acid in Leaves 


Plant 

In the chloroplast fraction, 

% of dry weight 

In the nonehloroplast fraction, 
% of dry weight 

Trifolium pralense 

2.53 

2.57 

Onoclea sensibilis 

0.57 

0.13 

Ehdea canadensis 

0.65 

0.33 

Arctium minus 

0.50 

0.77 


indoplienol as a reagent to prove the presence of ascorbic acid in the 
isolated chloroplastic material from different plants. He also found 
thsit Elodea press juice contains 0.008% of dehydi'oascoxhiQ acid. Neish^s 
figures (from 0.5---2.5% ascorbic acid in the chloroplast matter) are of 
the same order of magnitude as those given by Giroud (1938) and 
Moldtmann (1939) for the vitamin C concentration in different leaves. 
(Giroud^s data range from 0.05-3% of the dry weight of the leaves.) 
The content varies greatly not only from species to species, but also 
with the age of the leaves, the season of the year, and the time of the day. 

The proportion of ascorbic acid in the chloroplasts is, by weight, 
about equal to that of chlorophyll, and consequently several times larger 
if expressed in moles per liter. 

If the results of Neish can be generalized and the ascorbic acid content of chloro- 
plasts is, on the average, not higher than that of the surrounding cytoplasm, a new 
explanation must be sought for the histochemical experiment which has most often 
been quoted in support of the theory that ascorbic acid is accumulated in the chloro- 
plasts. This is the blackening of chloroplasts by silver nitrate, a reaction discovered 
by Molisch (1918). It was attributed to the presence of different reducing agents: 
Molisch suspected formaldehyde or hydrogen peroxide, Meyer (1918), hexenaldehyde, 
and Wieler (1936), an essential oil; but Giroud, Ratsimamanga, and Leblond (1934) 
found that the reduction of silver nitrate by the chloroplasts can also be observed in 
an acid medium (e. g., 10% silver nitrate +1% acetic acid). This rules out a number 
of previously suggested reducing agents, and Giroud suggested that ascorbic acid is 
responsible for the reaction. He was opposed by Mirimanoff (1938, 1939), who stated 
that the reduction of silver nitrate in acid solution can also be caused by tannins, 
fiavonols, etc. (Fehling reagent is, in Mirimanoff ’s opinion, a better indicator for 
ascorbic acid; and it is reduced by the cell sap rather than by the chloroplasts.) 

On the other hand, Dischendorfer (1937) found that silver nitrate in acid solution 
is not reduced by aldehydes (e, g., chlorophyll 5, hexenaldehyde, formaldehyde, furfurol, 
glucose, and other sugars) which are (or can be) present in the chloroplasts, but only 
by compounds with two OH- or NHa- groups in para or ortho position {e. hydro- 
quinone, p-phenylenediamine, or pyrogallol). In his opinion, ascorbic acid is the only 
substance of tills kind which is known to occur in the chloroplasts. 

The black silver deposit in the chloroplasts resulting from Mohsch’^ test often 
shows a splotchy structure which is strongly reminiscent of the granular structure of the 
intact chloroplasts (c/. Chapter 14). Weber (1937^) and Pekarek (1938) believed that 
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the stroma is blackened and the grana stand out colorless after treatment with silver 
nitrate, and interpreted this as an indication that the (water-soluble) ascorbic acid is 
accumulated in the hydrophylic stroma rather than in the more lipophylic chlorophyll 
grana. 

However, in interpreting these results, two points must be kept in mind. In the 
first place, the structure revealed by the Molisch test is a post mortem effect, since 
silver nitrate kills the cells; in the second place, the granular structure is not the only 
one observed in silver nitrate experiments — in some plants, silver patterns of a different 
kind are observed (cf. Weber 1937^ and Liebaldt 1938). If one insists on ascribing 
the Molisch reaction to ascorbid acid, and at the same time believes Keish^s results 
showing an approximately uniform distribution of this acid between the ehloroplasts 
and the rest of the leaves, one has to assume that some unknown factors preclude 
the reduction of silver nitrate by ascorbic acid in the cytoplasm and favor the same 
reaction in the ehloroplasts. 

Gauteret (1934, 1935) observed that the Molisch reaction occurs only in light; 
according to Giroud (1938) it is true that the reaction starts more rapidly in light; but it 
can proceed in the dark as well. Perhaps, then, the preferential reduction of silver 
nitrate by the ehloroplasts is a photographic development process, with the nuclei 
being provided by a photochemical reaction, and chlorophyll playing the part of sensi- 
tizer. RacMiit (1938) found an argument in favor of an association between chloro- 
phyll and ascorbic acid in the observation that ascorbic acid is protected against autoxi- 
cation by 2 X 10”^ mole per liter of colloidal chlorophyll. Ascorbic acid also has a 
tendency of associating itself with proteins (compare von Euler 1937 and Reedman 
and McHenry 1938). 

2. Ascorbic Acid — An Intermediate or Catalyst? 

Ascorbic acid contains a six-membered carbon chain and a five- 
membered lactone ring (CetlsOe; molecular weight, 176; L = 0.33) shown 
in the following formula 10.1. The close relation of ascorbic acid to 


*HO OH* 

A-i 

HOCHs-CHOH-CH l>=0 

V 

Formula 10. 1 
Ascorbic acid 


0 O 

LA 


HOCHrCHOH-CH C=0 


Formula 10. II 
Dehydroascorbic acid 


hexoses is indicated. The compound can be synthesized in vitro from 
glucose, mannose, and other sugars, and it is probable that plants produce 
it in the same way {cf, Ray 1934). Gaha and Ghosh (1935), Biikatsch 
(1940), Reid (1938), and Moldtmann (1939) found that the concentration 
of ascorbic acid in plants can be increased by supply of glucose. Con- 
ditions which indirectly increase the production of sugar, as an ample 
supply of carbon dioxide and good illumination, also tend to increase 
the concentration of ascorbic acid. 

Ascorbic acid is characterized by its acidity and its capacity for reversible oxidation. » 
The two H atoms marked by asterisks in the formula dissociate as H+ ions with a first 
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dissociation constant of about 6.2 X 10'® (pK 4.21) (cf. Ball 1937). (TMs is the 
extrapolated dissociation constant at the ionic strength fi = 0; from measurements of 
the oxidation-reduction potential — see below— a value of 9.1 X 10'® at /t = 0.1 was 
obtained.) Consequently, the acid must be present in the tissues almost entirely as an 
anion (or as a metalloorganic complex). The large dissociation constant seems at first 
to contradict the accepted formula, since the latter shows no carboxyl group. However, 
the group, — COH===COH — CO — , apparently has an acid character similar to that 
of a carboxyl group (c/. Bali 1937). Ascorbic acid has an L value of 0.833, that is, it is 
a partially oxidized sugar. Its main tendency is to oxidize itself further, by loosing two 
or even four hydrogen atoms. In a certain pH range, this loss is reversible, particularly 
as far as the first step is concerned. It transforms ascorbic acid into dehydroascorbic 
acid (CeHeOe, L = 0.75, cf. Formula lO.II). 

Many attempts have been made to determine the oxidation-reduction potential of 
the ascorbic acid-dehydroascorbic acid system, 1 e. by Georgeseu (1932), Wurmser and 
Loureiro (1933), Green (1933), Borsook and Keighley (1933), Fruton (1934), Borsook, 
Davenport, Jeffries, and Warner (1937), and Ball (1937). According to Ball (1937), 
the system is electrochemically sluggish, so that ‘^electrode catalysts’’ (for example, 
thionine or methylene blue) must be added to accelerate the establishment of the elec- 
trode equilibrium. Furthermore, according to Borsook and Keighley (1933) and Ball 
(1937), the oxidant (dehydroascorbic acid) is unstable in neutral solution (pH > 5.75). 
Therefore, reliable potentials can be obtained only in the acid range. (Above pH 6 the 
‘^apparent” normal potential becomes more positive with time because the oxidant 
gradually disappears from the system). 

Taking these complications into account, Ball was able to calculate the normal 
potentials of the ascorbic aeid-dehydroascorbic acid system between pH 1 and pH 8.6, 
and obtained (for 30° C.) the values Eq == — 0.329 volt for pH 1, and Eq' == — 0.057 
for pH 7. 

Neutral solutions of ascorbic acid reduce thionine (Ed = — 0.06 v.), cresyl blue 
(Eq[ = — 0.047 v.) and (slowly) methylene blue (Fo' ~ — 0.011 v.), but not Nile blue 
or phenosaf ranine (Eq' = -f 0.252 v.). They can be titrated with 2,6-dichIorophenoi- 
indophenol (Eq^ 5 = ~ 0.20 v.). The oxidation by methylene blue can be accelerated 
by light, according to Mentzer and Vialard-Goudon (1937). Ascorbic acid also reduces 
silver nitrate (cf. page 270), cupric ions (e. g., Fehling solution), mercuric ions, ferric 
ions, nitrites, quinones, indophenols, flavones, etc. (cf., for example, King 1939). The 
reduction of dehydroascorbic acid to ascorbic acid can be achieved by hydrogen sulfide, 
at pH 3-4. 

According to Kellie and Zilva (1938) and Arcus and Zilva (1940), ascorbic acid in 
solution is oxidized to dehydroascorbic acid by ultraviolet light in the absence of oxygen. 
The reaction must be either a reduction of water or a dismutation. Pure ascorbic acid is 
not oxidized directly by oxygen but numerous substances catalyze this reaction (e. g., 
Gu'^'^ ions, in both the free state and in organic complexes; cf. King 1939). 

The increased production of ascorbic acid in the presence of glucosej 
as well as its formation in seedlings before the beginning of photo- 
synthesis (c/. Rubin and Strachitzky 1936), indicate that it is formed by 
oxidation of sugars. Therefore, the increase in ascorbic acid concentra- 
tion following intense assimilation (reported by Giroud 1938, Reid 1938, 
and Moldtmann 1939) does not necessarily mean that it is an intermediate 
of photosynthesis (although this possibility, first suggested by von Euler 
and Klussmann in 1933, cannot be excluded). Photosynthesis may 
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merely increase the quantity of sugar available for transformation into 
ascorbic acid. 

Quite early, it was suggested that ascorbic acid, with its capacity for 
reversible oxidation, may play the part of an oxidation-reduction catalyst 
A difficulty of this concept arises from the instability of the reduced 
form in the biological pH range. Conditions are somewhat more favor- 
able in plant cells than in animal tissues because of the lower temperature 
and lower pH values prevailing in them. 

As an oxidation-reduction catalyst, ascorbic acid may take part 
either in the photosynthetic process or in respiration, or both. For 
example, if chlorophyll is reversibly oxidized in photosynthesis (c/. 
Chapter 19, page 551), it could be reduced again by ascorbic acid, as 
was suggested by Bukatsch (1939). 

Using Baur's language of ‘bnolecular electrochemistry/’ {cf. page 90), Bukatsch 
developed a scheme, which, translated into the language of ordinary photochemistry, 
has roughly the following meaning; Excited chlorophyll molecules either oxidize water 
to a peroxide, or reduce carbon dioxide to formaldehyde; in the presence of the ‘^auxili- 
ary redox system/’ ascorbid acid-dehydroascorbic acid, oxidized chlorophyll is reduced 
by ascorbic acid and reduced chlorophyll is reoxidized b 3 ^ dehydroascorbic acid, and 
in this way everything is “depolarized,” and ready for the next cycle. We men- 
tioned in chapter 4 (page 93) the experiments on artificial photosynthesis which 
Bukatsch (1939) made on the basis of this concept; he also claimed (1940) to have 
achieved a stimulation of natural photosynthesis by the addition of ascorbic acid {cf. 
Chapter 13). An independent expei'imental control of these results appears desirable. 

That ascorbic acid may serve as a catalyst in the respiration of 
plants, was first suggested by Szent-Gyorgyi (1928, 1931). Catalytic 
effects of ascorbic acid on the oxidation of fatty acids and sugars in vitro 
were reported, among others, by Holtz (1936). Another catalytic activ- 
ity of ascorbic acid, possibly related to photosynthesis, is indicated by 
experiments of West and Ney (1936) and Kuzin (1937), who found that 
ascorbic acid in alkaline solution accelerates the polymerization of 
formaldehyde. 
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Chaptee 11 


THE NOWPHOTOCHEMICAL REACTIONS IN 
PHOTOSYNTHESIS 

III. LIBERATION OF OXYGEN 

In chapter 7, it was assumed that one — and perhaps the only 
primary photochemical process in photosynthesis consists in a direct; 
oxidation of water (or in the oxidation of an intermediate rednctant, HZ, 
which in its turn oxidizes water) by an intermediate oxidant, X (which 
in its turn reduces carbon dioxide). In chapters 8 and 9, we dealt with 
the catalytic mechanism of reduction of carbon dioxide by the primary 
reduction product/^ HX. Now, we shall deal with the catalytic Tnecha- 
nism of oxidation of water, that is, the evolution of oxygen from the pri- 
mary photochemical oxidation product,” designated by {OH} or Z in 
chapter 7. 

In chapter 6, we concluded from the phenomena of “adaptation’’ 
and “de-adaptation” of green algae that the conversion of the primary 
photochemical oxidation product into free oxygen involves the formation 
of (at least) one intermediate (which was designated there as {O 2 }), and 
therefore requires the assistance of (at least) two catalysts, which were 
designated as Ec and Eo, respectively (c/. Gaffron 1944). We are at 
present concerned with the nature of these intermediates and enzymes. 

1, The Peroxide Problem 

The problem of the conversion of the primary oxidation product into 
oxygen can be called the “peroxide problem” because the main question 
is whether the intermediate in this transformation is a free peroxide 
and, if so, whether it is hydrogen peroxide or another compound con- 
taining an 0—0 bond. A similar problem is encountered in the study 
of the reverse processes (respiration - and combustion). There, the 
transfer of hydrogen atoms to oxygen leads, in the simplest case, to the 
primary formation of hydrogen peroxide: 

(11.1) . 2 RH + O 2 — »H202 -h2E 

which is either reduced to water in a second oxidation-reduction step: 

peroxidase 

(11.2) ' 2 RH + H 2 O 2 >2IliO + 2R 

* Bibliography, page 298. 
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or (more commonly) disvmied to water and oxygen; 

catalase 

(ll.S) 2 HA -^2 Hj0 + 02 

Instead of hydrogen peroxide, organic 'peroxides may be formed and 
decomposed by reactions analogous to (11.1), (11.2) and (11.3). 

In many metabolic oxidation.?, the formation of free peroxides is 
avoided by the action of enzymes [oxidases), which bind oxygen and 
release water: 

oxidase 

(1 1.4) 4 RH 4- Oo > 4 R + 2 H 2 O 

Oxygen evolution in photosynthesis may proceed by the reversal 
of any of, these mechanisms. We shall thus consider the following, 
possibilities: 

(а) the intermediary formation of hfydrogen feroxide^ e, by a 
photochemical reversal of reaction (11.2), followed either b}?" the reduction 
of this peroxide by a reversal of reaction (11.1), or (more probably) by 
its dismutation according to equation (11.3); 

(б) similar processes involving organic peroxides; and 

(c) oxygen evolution without the intermediate formation of free 
peroxides, i. e,, a reversal of reaction (11.4). 

2. The Hydrogen Peroxide Hypothesis 

If the primary photochemical oxidation product is an oxidized 
intermediate, Z (cf. Eq. 7.10a), the formation of hydrogen peroxide by 
the next step in photosynthesis can be formulated as follows: 

(11.5) 2 Z + 2 H 2 O >2m-hlW, 

If, on the other band, water participates directly in the photochemical 
process, in the form of a complex, {H 2 O}, the formation of hydrogen 
peroxide can be interpreted as dimerization of the primar}’' radicals: 

(11.6) 2 {Oil} 

Whether hydrogen peroxide occurs as an intermediate in respiration 
is of considerable importance for the utilization of energy released in 
this process, because the dismutation of one mole of hydrogen peroxide 
according to reaction (1L3) liberates as much as 23 kcal and this energy 
must considered as lost for the organism. 

la discussing the thermochemical background of photosynthesis in chapter 9, we 
stated that, as a rule, the energies of dismutations are small. However, in the case of 
hydrogen peroxide, the difference between the strength of two single 0—0 bonds 
(72 kcal) and that of a double 0=0 bond (118 kcal) is so large that the dismutation 
of this compound into water and oxygen is strongly exothermal (cf. Table 11 ,1). 
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Thbrmodynamig Data on Hydrogen Peroxide and Water 


Reaction 

I AH 

: AF 

(298° C.) 

i 

Eo 

i ( pUQ ) 

Fo' 

(pH 7) 

(11.10 02(g.) + H2 — 

— > H202(aq.) 

- 45.7 

- 31.5 

-0.69 

-0.27 

(11.20 H202(aq.) 4 H2 ■ 

> 2 H20(1.) 

- 91.1 

- 81.7 

-1.77 

-1.35 

(11.1 ',20 02(g.) +2H2 

> 2 H20(l) 

-136.7 

-113.1 

-1.23 

-0.81 

(11.3) H202(aq.) 

^H20(l.) + i02(g.) 

- 22.7 

- 25.1 1 

i 



Because of the instability of hydrogen peroxide, oxygen acts in 
reaction (11.1') as a comparatively weak oxidant (Eq^ = — 0.27 volt), 
and the larger part of the energy of oxidation is I’eleased in the second 
oxidation step (11.2'), which corresponds to Eq' == — 1.35 volt, or in the 
dismutation of the peroxide (Eq. 11.3). For example, when a standard 

— C — C — bond is oxidized by oxygen to a — C==C — bond, the first 
H H 

oxidation step 


(11.7) 


+ O2 


-AA 


• + H2O2 


liberates only 5 kcal, while 23 kcal is released by the subsequent dismu- 
tation of hydrogen peroxide, and 50 kcal by the oxidation of a second 

— C — C — group by H 2 O 2 . If, in the oxidation of a triose, all hydrogen 
H H 

would pass through the stage of hydrogen peroxide, the energy liberation 
would be divided as follows: 


(11.8a) aim 4- 4i O 2 ^ 3 CO 2 4 3 H 2 O 2 4 267 kcal 

(11.8b) 3 H 2 O 2 — > 3 H 2 O 4 1| O 2 4 69 kcal 

(11.8) aH603 4 3 02 — ^ 3 H 2 O 4 3 CO 2 4 336 kcal 


The main channels of animal respiration by-pass hydrogen peroxide 
(although it can be formed by certain side reactions, as in the direct 
autoxidation of yellow respiration enzymes). One reason for the avoid- 
ance of hydrogen peroxide may be that the energy of peroxide dismutation 
cannot be utilized for muscular work as easily as is possible with the 
energy of various oxidation-reductions (by coupling them, with trans- 
phosphorylations, cf. page 224). Another reason may be that the 
formation within the cells of oxidants with a potential as negative as 
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that, of hydrogen peroxide is undesirable, even though, in the absence of 
peroxidase, hydrogen peroxide is a rather inert compound (probably 
because of the high energy of the radical, H3O2, which is the first product 
of its, stepwise reduction). 

, If hydrogen peroxide were formed as an intermediate in photosynthesis, 
this would add 46 kcal or 40% to the energy requirement of the over-all 
process ' {cf. Chapter 3, page 48). Furthermore, it would mean the 
production in the cells of an oxidant with an extremely negative potential 
(— 1.35 volt) on a scale ten or twenty times larger than that at which 
it could, ever be produced ' by respiration. These two considerations 
argue a priori against the assumption (repeatedly made in the literature) 
that hydrogen peroxide is an intermediate of photosynthesis. We shall 
show presently that experimental evidence also speaks against the 
'^hydrogen peroxide hypothesis.’^ 

It is well known that ail green plants contain catalase. Warburg 
thought that, if the dismutation of hydrogen peroxide were the rate- 
limiting enzymatic reaction in photosynthesis, the capacity of plants for 
photosynthesis (in strong light and in the presence of abundant carbon 
dioxide) would be equal to their capacity for catalatic decomposition of 
externally supplied hydrogen peroxide. In support of this view, "^Yarburg 
and Uyesugi (1924) quoted the observation that the catalytic activity of 
Chlorella is affected by cyanide and urethane in approximately the same 
way as the efficiency of photosynthesis. The same is true according 
to Kohn (1935), of hydrogen sulfide and iodoacetic acid, Yabiisoe (1924), 
working in Warburg’s laboratory, found that/the rate of the hydrogen 
peroxide decomposition by Chlorella shows the same peculiar linear 
increase with temperature which Warburg had previously attributed to 
photosynthesis {cf. Vol. II, Chapter 31). 

The similarity in the response of photosynthesis and catalase activity 
to different poisons was emphasized anew by Shibata and Yakushiji 
(1933), Yakushiji (1933) and Nakamura (1938). The first-named 
authors were led to investigate the sensitivity of photosynthesis to 
hydroxylamine by the fact that this compound was known to be an 
inbibitor of catalase; having found that it is also a specific poison for 
photosynthesis, they became convinced that the rate-limiting dark reac- 
tion in photosynthesis is the catalase-promoted dismutation of hydrogen 
peroxide. Nakamura (1938) has given a comparison (Table 11. II) of the 
effects/of different poisons on photosynthesis and on the catalase activity 
of Scenedesmus nanus. The table shows, however, that the effects of 
poisons on catalase activity and photosynthesis are only approximately 
the same. According to Warburg and Uyesugi, urethanes are 50% 
more effective in inhibiting the catalase action of Chlorella tiim in 
reducing its photosynthesis, Emerson and Green (1937) found that 
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Table 11.11 

Inhibition of Photosynthesis of Scenbdesmtjs nanxts and op Catalase 
Activity by Different Poisons (after Nakamura) 


Compound 
(10-4 m./l.) 

Inhibiting action, % 

Of photosynthesis | 

Of catalase activity 

HCN 

78 

85 

NH 2 OH 

' 95 

100 

H 2 S 

94 

96 

CH 2 ICOOH 

68 

86 


Chlorella vulgaris is only half as efficient in photosynthesis as C. 
pyrenoidosa^ but ten times more efficient in peroxide decomposition, 
Chlorella cells grown in iron-deficient solutions, and containing reduced 
quantities of chlorophyll (of. Vol. II, Chapter 32) differed markedly in 
their photosynthetic efficiency, but had the same capacity for peroxide 
decomposition. 

In contradiction to Yabusoe, the effects of temperature on catalase 
activity and photosynthesis were also found lb be different by Emerson 
and Green. 

Van Hille (1938) observed that the decrease in the rate of photo- 
synthesis of Chlorella with age was not accompanied by a similar decrease 
in the capacity for hydrogen peroxide decomposition. Gaffron (1937) 
found that the low cyanide sensitivity of the photosyntheticvapparatus 
of certain strains of Scenedesmus (cf. page 305) was not shared by the 
mechanism decomposing hydrogen peroxide. 

All these experiments speak against the identification of the rate- 
limiting catalytic reaction in photosynthesis with the decomposition of 
hydrogen peroxide by catalase. However, in recent years it became 
evident— mainly through the work of Franck, Gaffron and coworkers — 
that not one but several dark catalytic reactions are involved in photo- 
synthesis, and that the reaction which determines the maximum rate of 
this process in strong light in most plants, including Chlorella, is not the 
one which leads directly to the evolution of oxygen. Thus, arguments 
against the hydrogen peroxide theory based on the comparison of the 
maximum rates of photosynthesis and hydrogen peroxide decomposition 
in nonpoisoned plants (Emerson and Green, van Hille) have become 
invalid. Goinparisons of the inhibition of photosynthesis and of catalase 
activity by poisons may still be significant, but only if the poisons in 
question affect specifically the oxygen-liberating enzyme in photosyn- 
thesis. This is not true of cyanide, which affects primarily the carbon 
dioxide fixation (cf . page 307) . Thus, the similarity of the cyanide 
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effeets in the/tAYo processes in table IIJI must be considered fortuitous. 
'More significant are the results obtained Avith hydroxylamine, since this 
poison affects the oxygen-liberating reaction (cf, page 313). However, 
since this reaction is not rate limiting in nonpoisoned cells, no quanUtative 
parallel between the effects of hydroxjdamine on photosynthesis and 
hydrogen peroxide decomposition can be expected, even if the two effects 
were due to one and the same reaction. On the ' other hand, a mere 
qualitative similarity, as revealed by table ll.II, does not prove that the 
affected enzymes are identical. The hydrox 3 damine-sensitive enzyme 
in photosynthesis may be, for example, a catalase’^ specifically adapted 
to the dismutation of an organic peroxide, or eA’-en an oxidase (since 
many oxidases contain hemin and are therefore capable of complex 
formation with hy dr oxylamine). 

Thus, of all the arguments given above for or against the intermediary 
formation of hydrogen peroxide in photosynthesis, there remains only 
Gaffron’s observation of the continued photosynthesis of certain Scene- 
strains in which the catalase was completely inhibited by cyanide. 
This experiment proiddes a direct experimental support for the conception 
— ^held plausible on general grounds on page 284 — that the catalatic 
decomposition of h^xlrogen peroxide does not form a part of the chemical 
mechanism of photosynthesis. Gaffron (1944) found indications that 
hydrogen peroxide also does not occur as an intermediate in the oxy- 
hydrogen reaction in adapted algae. 

If catalase does not take part in photosynthesis, what is the purpose 
of its presence in all green plants? Gaffron suggested that its function 
may be protection of the photosynthetic apparatus from injury Avhich 
can be caused by hydrogen peroxide (formed, for instance, by the 
autoxidation of a yellow respiration enzyme). In confirmation of this 
view, he reported that cyanide-treated Scenedesmtis cells, which are 
ordinarily able to continue photosynthesis indefinitely, ceased to evolve 
oxygen upon the addition of a trace of hydrogen peroxide. This ob- 
servation Avas confirmed by Weller and Franck (1941), who suggested 
that the part of the photosynthetic apparatus which is destroyed by 
hydrogen peroxide is the carboxylating enzyme,^ E a (cf* page 318). 

Knoll, Matthews and Crist (1938) had claimed that the evolution of oxygen by 
Chlorella can be enhanced by the addition of catalase; but this result — which, if correct, 
would strongly support the hydrogen peroxide hypothesis — has never been elaborated 
upon or confirmed. 

3. The Organic Peroxide Hypothesis 

Several hypotheses in which organic peroxides, rather than hydrogen 
peroxide, Avere assumed as intermediates have been discussed in the 
literature on photosynthesis. The earliest of them^ — -the hypothesis of 
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Willstatter and Stoll (1918) as well as its elaboration by Franck and 
Herzfeld (1937), must now be considered as obsolete because it was 
based on hydroxyl-hydrogen exchange as the elementary photochemical 
process, a concept which has been proved false by the demonstration 
that all oxygen evolved in photosynthesis originates in water (cf . Chapter 
3, page 55). 

In consideration of the historical importance of these theories, we 
shall give a brief account of them. Willstatter and Stoll suggested that 
photosynthesis consists of two photochemical hydrogen-hydroxyl ex- 
changes in the carbonic acid molecule, alternating with the catalytic 
dismutations of the two peroxides — performic acid and performalde- 
hyde — formed by these exchanges. 


(11.9a) 


(li.9b) 


Willstatter and Stoll added to hypothesis (11.9) another and independent hypothesis 
-—that of a reversible chlorophyll-carhonic add association (cf. Chapter 16): 

(11.10) PhMg (Mg-pheophytin = chlorophyll) -f H2CO3 HPhMgHCOa 

and the ll—O'R exchange, carried out in (11.9) with free H 2 CO 3 molecules, was applied 
to the cliloropludi—carbonic acid compound. The reduction product was supposed to 
separate itself from chlorophyll after the last photochemical step: 

H H 

(11.11) HPhMg~--0--"C~--00tI ^ — >PhMg-}-HO— C—OOH 


OH H— OH 

I exchange 

c=o > 




(carbonic 

acid) 

O 


i2hp) 


H— C 


hydration 


OH 

(formic acid) 


0--0H 

c==o 

i 

(performic 
acid) 

OH 

H-i-OH 

in 

(formic acid 
hydrate) 

H 

H—C—OH + i O 2 

I 

OH 

(formaldehyde hydrate) 


“catalatic” 
dismutation 
> 


H—OH 

exchange 

^ 

{2hv) 


Oli 

C!=0+ iO. 

I 

H 

(formic acid) 

H 

H— G— OOH ■■ 

Ah 

(performaldehyde) 


‘ * catalatic ” 
dismutation 

^ 


dehydration 
> 


CH 2 O + H 2 O + I O2 


H 


H 


Franck and Herzfeld (1937) have attempted to elaborate scheme (11.9) by dividing 
each two quanta process into two thermochemically feasible single quantum reactions. 
Since they thought free radicals would present insurmountable energy barriers, these 
authors introduced an intermediary hydrogen donor, ROH, which they substituted for 
water as the first hydrogen donor and hydroxyl acceptor, and suggested that, if the 
R — OH bond in this catalyst is considerably weaker than the H— OH bond in water, 
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none of' tlie photocliemical steps in reaction sequence (11.12) will require more energy 
than is available in a quantum of red light. 


(11.12a) 0=C=0 4- ROH - 


h» 


0=C — 0 (R — performic acid) 

R 


(11.12b) 0=C— 0 — 

R in 

(11.12e) 0=C— OH + HsO 

R 


■> i O 2 0=C — OH (R — formic acid) 
R 


hp 


ROH -f 0=C — Oli (formic acid) 
H 


OH R 
I I 


R OH 

(11.12d) 0=C— OH + ROH » (5—6— OH — 6 — C— OH 

I ! I 

H H H 

(R — performaldehyde hydrate) 

OH R R 


(11.12e) 0 — C—OH - 

R 

{11.12f) OH— i—OH 4- HoO - 

H 


I O 2 + OH— C— OH (R— formaldehyde hydrate) 

H 

H 


hv 


ROH 4- OH— C— OH 

I 

H 

(formaldehyde hydrate) 


Of the four photochemical reactions in (11,12), two are intramolecular H — OH 
exchanges, and two intermqlecular H — R exchanges. Franck and Herzfeld thought 
the assumption of a weak R — OH bond is sufficient to equalize the energies of photo- 
chemical steps (11.12a), (11.12b), (lL12d), and (iL12f); however, if R is an organic 
radical, the C — R bond in (11.12a) is a C — C bond, which is 20 kcal weaker than a 
C — H bond. Thus, while according to table 9.II the substitution of ROH for HOH 
could bring a gain of 32 kcai in the energy required for dissociation into R and OH, 
it should at the same time bring a loss of 20 kcal in the energy gained by the addition 
of R and OH to C=0. Consequently, step (11. 12a) should require about 73 kcal and 
step (11.12c) only 13 kcal, a far cry from the desired equalization. 

These estimates are brought here in order to illustrate the difficulties 
which ^Hour quanta theories” of photosynthesis must invariably en- 
counter — particularly if an attempt is made to interpret all intermediates 
as valence-saturated molecules (instead of resonance-stabilized radicals^ 
as suggested in chapter 9, page 230). 

'% 

Two other schemes of photosynthesis also W-'Sre based dh the formation of peroxides 
by the reduction substrate. Baur (1937) suggested that the first step in photosynthesis 
may be the formation of percarhonic add: 


light 


OOH 

^ 0=C— OH 


(percarbonic acid) 


[11.13a) 


H2CO3 + i O2 
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wMcli then decomposes into formic acid, and oxygen: 

OOH 

1 light 

{11.13b) 0=C-~-0H > HCOOH + O. 


As an experimental basis for this hypothesis, Baur quoted Thunberg’s and his own 
experiments on the formation of formaldehyde by distillation of percarbonates in the 
presence of lead dioxide {cf. page 79). 

The second scheme was suggested by Gaffron and Wohi (1936), after Gaffron 
(1927) found evidence for the formation of amine peroxides in the chlorophyll-sensitized 
photoxidation of amines (cf. page 511). Gaffron and Wohl suggested that amine 
0 OH 

/ \ I 

peroxides, RN O or RN — OOH (with R possibly standing for a protein radical) , 

may occur as precursors of oxygen in photosynthesis, e. g.^ according to the reaction 

scheme: 

O 

(dark) II light 

(11.14) RNHa + CO 2 3 ^ RN—C— OH 3 ^ 

(carbamination) | H2O 

H 

H+ 


RN— 0— 0~ -f |H2C0! 


^RNH 2 + O 2 + (HaCOi 


These theories fail to conform with the requirement, derived from experiments with 
radioactive carbon dioxide, that all oxygen should originate in water. They therefore 
claim only an historical interest. However, the concept of organic peroxides as inter- 
mediates can be utilized in modern oxidation-reduction theories of photosynthesis as 
w^ell, although the separation betw^een the oxidant (CO 2 ) and the reductant (H 2 O), 
which characterizes these theories, leads one to the consideration of catalyst peroxides. 
Instead of the peroxides derived from the redtiction substrate itself. 

When Franck and Herzfeld (1941) abandoned the hydrogen-hydroxyl 
exchange mechanisms (11.12) for the hydrogen transfer mechanism (7.12), 
they retained the assumption that an organic peroxide, ROOH, is formed 
by the substitution of an organic compound, ROH, for water as hydrogen 
donor in the primary photochemical reaction (cf. Scheme 7.VA). In 
some other schemes in chapter 7, a water-acceptor complex, designated 
by {H2OI, was postulated as the primary reductant, and its oxidation 
product, {OH I, was assumed to form a peroxide {OHI 2 before decom- 
posing into free acceptor, water and oxygen. These are two examples 
of theories which postulate ^^catalyst peroxides'' as intermediate oxida- 
tion products. 

The difference between the hypothesis of a complex, {H 2 O}, and the 
assumption of Franck and Herzfeld of an intermediary • catalyst, ROH, 
consists in the reversal of the order of two reactions. To show this, let 
us assume that the water acceptor" is an organic double bond com- 
pound, R'=R^:', so that the reaction, H 2 O — ^ {H 2 O}, becomes: 

(11. 15a) 4R^=R" + H20 


■> 4 HR'— R"OH 
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With this compound as hydrogen donor, the primary photochemical 
process (7.2) becomes: 

(11.16b) 4 HR'— R"OH + 4 X - - --- > 4 HX + 4 HR'R'4 

with the arrow indicating, a free valency. X is used in equation (11,15b) 
as the designation for the oxidant (instead of as in Eq. 7.2), because 
the position of the catalyst Z~HZ in Scheme 7.1 is occupied in Franck 
and Herisfeld^s scheme, by the system RO-ROH. 

The peroxide formation (7.4a) is now described by equation: 

(11.15c) 4HR'R"i > 2 HR'R"0— OR"R'H 

and the peroxide decomposition (7.4b), by equation: 

(li.lSd) 2 (HR'R"0)2 > O 2 + 2 H 2 O + 4 R/=R" 

The reaction cycle is completed by regeneration of the water-acceptor 
complex by reaction (11.15a). 

Comparison of equations (11.15a~d) with the Franck-Herzfeld 
reaction mechanism (7.12) shows that, in the latter, the abbreviation 
ROH is used for HRiR20H, and the order of readiom {llJ5d) and 
{11,15a) is reversed j that is, the organic peroxide is assumed first to react 
with water to form an organic hydroperoxide: 


(lL16a) 


{: 


4RO 
2 EGOR + 2 H 2 O 


■>2ROOR 

>> 2 ROH + 2 ROOH 


(qf. 7.12f) 


and then to liberate oxygen: 


a“catalatic” 

enzyme 

(11.16b) 2 ROOH > 2 ROH + O 2 


(4. 7.12g) 


The primary photochemical reaction (11.15b) is, in the formulation of 
Franck and Herzfeld: 

4:hp t 

(lL16c) 4 ROH -f 4 X > 4 RO + 4 HX (cf. 7.12a) 


and water is thus removed one step away from the primary photochemical 
process. ' 

The reaction of an organic peroxide group RO — OR with water, 
assumed by Franck and Herzfeld, is thermochemically possible (cf, be- 
low), but the same is also true of the addition of water to C=C double 
bonds, as assumed in (11.15a) (of. Table 9.III). Thus, both the order 
of reactions suggested in (11.15), and that assumed in (11.16) are not 
implausible. 

To sum up, the formation of organic peroxides as precursors of free 
oxygen can easily be fitted into the picture of photosynthesis as a hydro- 
gen transfer from water to carbon dioxide. However, if we inquire into 
the proofs of this hypothesis, all we find are inhibition experiments with 
hydroxylamine (and certain other poisons) which indicate that one of 
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the enzymes active in photosynthesis has a certain similarity with 
ordinary catalase, and the suggestion that this similarity may be ■ ex- 
plained by assuming that this enzyme is a kind of catalase/’ adapted 
to the dismutation of an organic peroxide. However, sensitivity to 
hydroxylaniiiie may be caused also by noncatalatic enzymes containing 
a heavy metal, e. g, a deoxidase” which brings about the liberation of 
oxygen without the intermediate formation of free peroxide. 

One may ask whether the substitution of organic peroxides for 
hydrogen peroxide could be advantageous from the point of view of the 
energy balance of photosynthesis. The answer is that organic peroxides 
of the type R’O — OR”, as well as hydroperoxides of the type RO — OH, 
share fully the instability of hydrogen peroxide. D’Ans and Frey (1914) 
measured the equilibrium of the reactions: 

0 O 

li II 

(11.17) R— OH + H 2 O 2 v==A R— OOH + H.O 

(acid) (peracid) 

for R = methyl, ethyl, propyl, etc., and obtained, for the equilibrium 
constant: 


( 11 . 18 ) 


[peracid] 

[hydroperoxide] [acid] 


values ranging from Z = 2 (for performic acid) to if == 5 (for the higher 
members of the series). This shows that the formation of peracids from 
hydrogen peroxide and acid has a free energy of less than 1 kcal. The 
peracids are thus only insignificantly more stable than hydrogen peroxide. 
Probably, all peroxides of the type RO — OH and R'OOR” decompose 
himolecularly (by dismutation), into alcohols, ethers, acids or aldehydes, 
and oxygen, with the liberation of an amount of energy similar to that 
liberated in the decomposition of hydrogen peroxide into water and 
oxygen. . 

An important difference between organic peroxides and hydrogen 
peroxide appears when one considers the possibility of a monomolecular 
decomposition (into RH and O 2 , or R'R” and O 2 ). The monomolecular 
decomposition of hydrogen peroxide: 

(11.19) H 2 O 2 >H 2 + 02 . 

consumes 35 kcal. A similar decomposition of an organic hydroperoxide: 

(11.20) ROOH >RH4*02 

requires, with the standard bond energies, only 7 kcal, while the de- 
composition of a purely organic peroxide: ■ , ' 

(11.21) R'OOR" > R'R" -^ 02 

should liberate 6 kcal; reactions of these two types could thus be reversible. 
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■Ecversible peroxide formation appears possible also in the case of 
^Mouble bond peroxides/' According to the standard bond values, the 
reaction: 

i I ! I 

(11.22) — C=C— + O 2 > --C—C-- 


0—0 


should liberate 9 kcal; but the resonance stabilization of the — (J=C — 
double bond may make the energy of oxygenation smaller or may even 
change its sign. The same may be true for the peroxides of quinones, 
and other conjugated double bond systems, as, for example: 



Our knowledge regarding the actual existence of peroxides of the type 
of (11.22) or (11.23) is very limited. So-called ^Imoloxides/' whose 
intermediate formation has often been assumed in the oxidation of 
ethylenic double bond compounds, probably belong to the type (11.22). 
However, they exhibit the tendency to split into aldehydes or ketones: 


( 11 . 24 ) 


R" R'" 

1 1 

R^— C— C— R"'' - 


u 


R" R 

-> u'—ho 


+ OC— R" 


or to polymerize (cf, Rieche 1931, 1936). The catalytic effect of oxygen 
on the potymerization of double bond compounds, e, of drying oils, 
is probably due to the primary formation of peroxides of this type (c/. 
Milas 1932). 

One of the few experimentally known reversible organic peroxides is 
the colorless peroxide of the red hydrocarbon rubrene (or '^rubene'O 
discovered by Moureu, Dufraisse, and Dean (1926). 

Moureu, Dufraisse, and Girard (1928) found that ru- 
brene peroxide has, at 16"^ C., a dissociation pressure of 
about 0.5 mm. This corresponds to AF = 6.3 kcal; 
direct calorimetric measurements by Dufraisse and 
Enderlin (1930) gave for the heat of dissociation a value 
of AH = 23 kcal (which seems to be much too high for 
a reversible reaction). 

As described in chapter 20, carotene and its deriva- 
tives, which contain long chains of conjugated double 
bonds, absorb considerable amounts of oxygen; it is 
probable that, in this case too, double bond peroxides are 
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the primary products. According to Baur (1936, 1937), carotene peroxide 
is formed only in light, and its formation is at least partially reversible. 

Peroxides of quinonoid dyes have often been mentioned in the 
literature, but have not been well investigated. It has been suggested, 
for example, that the autoxidation of organic dyes proceeds through 
primary peroxide formation (c/. page 499). Gaffron (1927) observed 
the formation of reversible peroxides of organic amines in experiments on 
chlorophyll-sensitized photoxidation (c/. Table 18.1). 

In the case of chlorophyll, evidence of oxygen absorption as the cause 
of so-called ^^allomerization’’ (cf. page 459) was presented by Conant, 
Hyde, Moyer, and Dietz (1931). This absorption was attributed to the 
formation of a chlorophyll peroxide by Conant and H. Fischer. Fischer 
represented it as an alkyl hydroperoxide R — O — OH, with the peroxidic 
group in position 10 (cf. Formula 16. III). Certain difficulties of this 
hypothesis (in particular the fact that oxygen absorption can be observed 
only in alcohol) are discussed in chapter 16. No definite proofs have as 
yet been found that the oxygen uptake in the allomerization process is 
reversible. 

The formation of a reversible (or almost reversible) peroxide, capable 
of nionomolecular decomposition, could be of great advantage for 
photosynthesis if it would permit the saving of energy otherwise lost in 
bimolecular dismutation. However, the question arises as to the way in 
which such peroxides could be fitted into the reaction cycle of photo- 
synthesis. The primary photochemical oxidation products, Z or {OH}, 
probably are free radicals in which one hydrogen atom is missing^ 
four such radicals must cooperate in the direct liberation of one mole- 
cule of oxygen (while the recombination of two radicals is sufficient to 
produce one-half an oxygen molecule by dismutation). The mechanism 
by which four radicals could transfer two oxygen atoms to a catalyst to 
form a reversible’^ peroxide, for example: 

(1 1 .25) 4 i OH ! + R > RO 2 H- 2 H 2 O 

is difficult to visualize, especially if the peroxide-forming catalyst is an 
organic molecule with a double bond, or a quinonoid ring system. It is 
somewhat easier to devise a vsimilar mechanism if the peroxide-forming 
catalyst is a hemin complex capable of reacting with four radicals in as 
many univalent” steps. The next section will be devoted to this 
possibility. 

4» The Oxidase Hypothesis 

It was stated before that, in the main course of respiration, the 
formation oi free peroxides is avoided by the action of oxidases,” and 
that a reversal of the oxidase action may be the mechanism of oxygen 
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liberation in photosyntliesis. To oxidize water to hydrogen peroxide, 
the primary oxidation product must have an oxidation potential < — I.35 
volts, but if. water (bound to a suitable catalyst) could be oxidized in 
four approximately equal steps, the required potential would be < — 0.81 
volt, a value approximated, for example, by organic radicals of the type 
of porphyrexide (cf. page 232). 

The mechanism of oxidase action is unknown, but apparently most, 
if not all, oxidases {e, g., the cytochrome oxidase) are hemin derivatives. 
Since ferri-ferro systems are univalent, it is probable that, in the 
oxidase action, four hydrogen atoms (or electrons) are transferred one 
at a time, and that the structure of the oxidases is such as to equalize 
approximately the energies of these four steps. Ferro and ferri ions have 
four or five unsaturated homopolar valences; even if two of them are 
saturated in hemin by complex formation, two or three remain free, and 
this may permit a chemical association with oxygen (as in oxyhemo- 
globin), and may also help in the addition and internal transfer of 
electrons. For instance, we may consider the following sequence of 
transformations: 


I i 4- e I y V (resonance) 

(11.26) — 4 O 2 > -~Fe+++<" 3 ^ Fe++C 

O 

I O , . 0- ^ 1 OH 

i y I (resonance) i 4 e i , . 

— Fe+++'^ 1 V- ' Fe'*'+\ I > Fe+\ I 

A- +“• ^A 


I / 
\ 


OH- 


0 


4e 

-OH- 


1 (resonance) | 

-Fe++=0 — Fe+++0" 


4 ® 

)- 

4H+ 


i (resonance) | 1 

-BV+OH 7=-::"=.:A —Fe+^+OH" > ~-Fe++-^ 

-OH- 


44 e 

Net result: O 2 -™ 2 OH- 

42 H-«- 

The essential point in this (otherwise arbitrary) scheme is that the 
intermediates of peroxidic character are supposed to be stabilized by 
resonance between the forms containing ferrous and ferric iron, respec- 
tively; this may equalize the potentials of the four reduction steps. 

In photosynthesis, the evolution of oxygen may occur by a mechanism 
of type (11.26) running in reverse, with four primary oxidation products, 
Z, serving as acceptors for the four electrons taken away from water in 
its oxidation to oxygen. (For the first suggestion that water is oxidized 
in photosynthesis by ferric iron, c/. Weiss 1937.) The primary oxidation 
product, Z, may itself be a hemin derivative; it seems more probable, 
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however, that it is a radical derived from chlorophyll, and that a hemin 
complex is the next hydrogen (or electron) donor in the series, which 
restores oxidized chlorophyll (Z) to its original state (HZ). Possibly 
not one, but several, reversibly oxidizable hemin derivatives are interpo- 
lated between the primary oxidation product Z and the terminal de- 
oxidase,^’ occupying positions similar to those of the cytochromes in 
respiration. 

Thus, the intermediate, {O 2 }, postulated in chapter 6 (Scheme 6.1), 
may be not a ^^free” peroxide, but a complex of the type of ferricyto- 
chrome or one of the series of intermediates in (11.26) which, even if 
they contain 0 — 0 bonds, do not have the characteristic instability of 
hydrogen peroxide and the common organic peroxides. 

As described in chapter 16, chlorophyll in vitro reacts with excess 
ferric chloride and is restored by excess ferrous chloride. This seems to 
indicate a reversible oxidation, and a normal potential close to that of 
the ferro-ferri system. The latter is, in neutral solution, only 0.03 volt 
more positive than the potential of an oxygen electrode. It is thus 
conceivable that, in vivOj a photochemically produced ^^oxychlorophyll” 
radical may oxidize a complex iron compound, which in turn is capable 
of oxidizing water through the intermediary of a deoxidase. 

5. Experiments with Heavy Water 

One could expect to obtain some information as to the catalytic 
mechanism of water oxidation in photosynthesis from experiments with 
water containing the rare isotopes of hydrogen or oxygen. Experiments 
with radioactive oxygen have already been discussed (in Chapter 3) because 
they provided the main experimental basis for the interpretation of 
photosynthesis as hydrogen transfer from water to carbon dioxide. The 
results of experiments with heavy hydrogen have been mentioned in 
passing, in chapter 7 (page 157). We shall now describe them in more 
detail. 

Reitz and Bonlioeffer (1935^) found that deuterium is assimilated by 
algae (Chlamydomonas and Scenedesmus) , grown in mixtures of ordinary 
and heavy water, at a rate 2.3 times smaller than that of the assimilation 
of ordinaiy hydrogen. Later (1935^), they observed that Scenedesmm 
cannot grow in 38.4% heavy water. On the other hand, Meyer (1936) 
found that Ghhrella grows well even in 99% heavy water; this was 
confirmed later by Trelease and coworkers. In good agreement with 
Reitz and Bonlioeffer, Curry and Trelease (1935) found that the rate of 
photosynthesis of Chlorella in pure deuterium oxide is 2.5 times smaller 
than in ordinary water. (Shibata'and Watanabe, 1936, found, with 
Chlorella ellipsoidea^ only a difference of 20%. ) The change in the rate 
was complete after a 30-minute immersion into heavy water, and re- 
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mained reversible, even after 15 hours. Craig and Trelease (1937) made 
measurements in various water mixtures, and over a wide range of 
temperatures, light intensities and carbon dioxide concentrations. The 
yield was found to decline smoothly with increasing concentration of 
deuterium oxide: analysis of this function showed that the three kinds 
of water (H 2 O, HDO, D 2 O) participate in photosynthesis independently 
of each other. The effect of deuterium oxide is strongest at the high 
light intensities j and disappears in weak light (Fig. 25). The temperature 
coefficient is unaffected by heavy water below 30° C., but is changed in 
the region between 30°' and 46°; the maximum rate is reached at 35° in 
ordinary water and at 39° in heavy water. 



Jog light intensity 

Fig. 25. — ^The rate of photosynthesis of 
Chlorella as a function of iight intensity in ordi- 
nary water and heavy water (after Craig and 
Trelease 1937). 

Pratt, Craig, and Trelease (1937), and Pratt and Trelease (1938) used 
flashing light to distinguish between the effects of deuterium on the 
photochemical reaction and on the dark reactions in photosynthesis 
(c/. Vol.^ II, Chapter 34). Flashes of 0.005-second duration were inter- 
rupted by dark intervals of 0.012-0.086 seconds. With the shorter dark 
periods, the. yield per flash in heavy water was 40% of that in ordinary 
water (i, e., the ratio was the same as in continuous light) ; but with dark 
periods of 0.028 second, the ratio rose to 0.57; and with 0.062 and 0.086 
seconds, it became practically equal to 1 (Fig. 26). 
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The influence of light intensity, and the results obtained in flashing 
light, point to the influence of heavy water on the rate of a dark catalytic 
reaction^ which limits the rate in strong light, and can be brought to 
completion during dark intervals between the flashes. (The unchanged 
temperature coefficient of photosynthesis in heavy water may mean that 
the substitution of D for H affects the “collision factor in the rate 
equation, rather than the activation energy.) 



0 0.0! 0.03 0.05 0.07 0.09 

Lengfh of dark period, seconds 


Fig. 26. — Yield of photosynthesis of Chlorella in flashing light per unit total time 
as a function of the length of the dark intervals, in ordinary water and heavy water 
(after Pratt and Trelease 1938). 

catalytic reaction is reduced in rate by the substitution of 
deuterium oxide remains to be elucidated. Of the three groups of 
catalytic reactions defined on page 172, one — the formation of a complex 
from an acceptor and free carbon dioxide — is not likely to be affected by 
this change; while the other two — the conversion of the primary oxidation 
product into free oxygen, and the transformation of the primary reduc- 
tion product into carbohydrate — should be so affected because they are 
dismiitatioiis or oxidation-reductions, and as such probably involve 
transfers of hydrogen atoms. In the theory of Franck and Herzfeld, 
it is assumed that, normally, a reaction of the third group limits the 
rate of photosynthesis in strong light (c/. Vol. II, Chapter 28). It is 
thus natural to assume that the participation of deuterium in this reac- 
tion is responsible for the effect of heavy water on the maximum rate of 
photosynthesis in strong light (unless we assume that some other reac- 
tion, which is not limiting in ordinary water, is slowed down by heavy 
water so strongly as to become the limiting one). 
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It was pointed out in chapter 7 that the equality of rates in heavy 
and ordinary water in weak light does not constitute an argument against 
the participation of water in the primary photochemical process. There 
is no reason why the slight difference between the energy contents of the 
molecules, H 2 O and D 2 O, should affect the probability of their photo- 
chemical transformation, and thus the rate of photosynthesis in the 
‘ ^ light-limited ’ ^ state. 

To sum up: experiments with heavy water have not yet given new 
clues to the mechanism of water oxidation in photosynthesis, but this 
does not mean that their further development could not reveal important 
new facts about this mechanism. 

Some experiments on photosynthesis in tritium oxide will be described in chapter 19 
(page 557). 
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Chapter 12 


INHIBITION AND STIMULATION OF PHOTOSYNTHESIS 
L CATALYST POISONS AND NARCOTICS 

Photosynthesis is strongly affected by many so-called inhibitors or 
stimulantSj substances which change the rate without participating 
directly in the reaction. Recently it has become increasingly clear, 
mainly through the work of Gaffron, that certain poisons inhibit specific 
steps in the photosynthetic process, and that a skillful use of such selective 
inhibitors may help to differentiate between the component reactions of 
photosynthesis, to retard at will some of them, and to direct the process 
into alternative channels. Thus, the use of specific poisons promises to 
become an important tool in the disentanglement of the complex chem- 
istry of photosynthesis. 

The addition of almost any new substance to the medium in which a 
plant lives (or the removal of a substance usually present in it) is likely 
to affect its photosynthetic efficiency. The list of effective agents ranges 
from poisons, through narcotics, to aldehydes, sugars, organic and inor- 
ganic acids and salts, oxygen, and water. The action of some substances 
is highly specific; they obviously possess affinities with certain com- 
ponents of the photosynthetic apparatus. Other substances act in a 
less specific way, as, for example: all urethans, by their surface activity; 
all acids, by their common constituent, the hydrogen ion; and all solutes 
in general, by their effect on osmotic pressure. The present chapter is 
concerned, in the first part, with specific ^'catalyst poisons’^ (hydrocyanic 
acid, hydroxylamine, hydrogen sulfide, etc.) and, in the second part, with 
narcotics,’’ of the type of chloroform, ether, and urethan. Chapter 13 
will deal with the effects of oxygen, carbohydrates, salts and other 
miscellaneous physical and chemical inhibitors and stimulants. 

Many typical catalyst poisons (e. g.j cyanide) owe their toxicity to the 
formation of a complex with metal atoms, contained in the prosthetic 
groups of many enzymes. Others {e, ^., dinitropheiiol or acetyl iodide) 
probably react wdth specific groups in eatalytically active proteins. 
Narcotics^ on the other hand, are supposed to act by blocking active 
surfaces rather than by attaching themselves to individual atoms or 
groups. 
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A. Catalyst Poisons* 

1. Cyanide Inhibition of Photosynthesis 

Experiments on cyanide poisoning have usually been carried out 
with algal suspensions in aqueous solutions (although it is also possible 
to poison land plants by gaseous hydrocyanic acid). The poisonous 
molecular species is the nondissociated acid, HCN, and many measure- 
ments — as those of Warburg and Emerson — have been referred to its 
concentration rather than to the total concentration of the cyanide. At 
a given pH, the concentrations of HCN molecules in a solution whose 
total cyanide concentration is [Cy] can be calculated from the equation: 

CH^dCCy] 

(12.1) [HCN] - ^ 

where K (the dissociation constant of hydrocyanic acid) is approximately 
5 X (at 20° C.). Gonsequently, [HCN] is almost equal to [Cy] 
for pH < 8.5; the difference becomes marked only in more alkaline 
solutions, as in carbonate-bicarbonate buffers (c/. page 178). The 
assumption that only the neutral molecules, HCN, are poisonous, 
reminds one of the postulate that only the neutral molecules, CO 2 , take 
an active part in photosynthesis (c/. page 195), and can be explained in 
a similar way, that is, by selective cell penetration by neutral molecules. 

The sensitivity of photosynthesis to cyanide was discovered by 
Warburg in 1919. (The poisonous effect of cyanide on the respiration 
of plants was known before.) Warburg found that 3.8 X 10"*® mole per 
liter HCN decreases the rate of photos^mthesis in Chlorella (in strong 
light and in the presence of abundant carbon dioxide) by almost 50%. 
Equally strong is the cyanide effect on the respiration of nonchlorophyllous 
plants (e. yeast); but the respiration of Chlorella^ instead of being 
poisoned by 3.8 X lO""^ m./l. HCN, was stimulated by about 57%. The 
lowest cyanide concentration which produced inhibition (by — 18%) 
V'as 10““2 m./l. Even in 0.1 molar hydrocyanic acid, the respiration of 
Chlorella still proceeded at 40% of its normal rate. Thus, the presence of 


Table 12.1 

Inhibition of Photosynthesis in Chlokella by HCN' (aftek Warbtjrg 1920) 
[CO 2 ] ~ 9.1 X 10“5 m./l.j 25° C.-; P = rate of photosynthesis in relative units 


Light intensity, 

P, with- 

P , with 

Inhibition, 

lux 

out HCN 

10-* m./l. HCN 

% 

1,800 I 

61 1 

61 

0, 

19,000 

540 

192 

65 


Bibliography, page 324. 
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from 10“^ to 10“^ m./l. of cyanide will completely paralyze the photo- 
synthesis of Chlorella, but will leave respiration unaffected or even 
stimulated. 

Warburg (1919, 1920) found, and other observers confirmed, that 
photosynthesis in weak light is indifferent to cyanide (c/. Table 12.1 and 
Fig. 27), showing that cyanide does not interfere with the photochemical 
process proper but affects an enzymatic “bottleneck” reaction which 
limits the rate of the over-all process in poisoned cells in strong light. 



so 100 ,, ISO « 10* 

intensity 4 ergs/cm»/sec. 


Fig. 27. — Effect of cyanide on photosynthesis of Chlorella at different light inten- 
sities (after Wassink, Vermeulen, Reman, and Kata 1938). o: not inhibited; #: inhib- 
ited by 0.05 ml. of 0.03% KCN per ml., corresponding to about 1 X 10“® m./L 

Warburg (1920) made another interesting observation — that cyanide 
reduces photosynthesis only to the compensation point (where the net 
gas exchange is zero) but leaves unaffected the fraction of photosynthesis 
which merely compensates for respiration (c/. Table 12.11). 

The last column in table 12,11 shows a ‘^residual photosynthesis^* 
which is unaffected by 0.8 X lO”"^ m./l. of cyanide. These experiments 
were carried out in very dilute carbon dioxide, so that the rate of photo- 
synthesis in the noninhibited state was very small, and the existence of 
a cyanide-indifferent residual photosynthesis could be demonstrated most 
strikingly. However, Warburg gave table 12.III as a proof that cyanide- 
resistant residual photosynthesis exists also under the conditions of 
abundant carbon dioxide supply. The proof lies in the fact that none 
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Table 12.11 


Inhibition op Photosynthesis ( P ) in Chlorella by Cyanide in the 
Region OP the Compensation Point (after Warburg) 

Low CCO 2 ] (4 X 10“^ m./L), strong light, 10® C.; 22 = respiration 


Expt. No. 

[HCN] 

Oxygen pressure, change per hour, mm. 

Dark ( JS ) 

Light (P - R ) 

p 

I ■ ! 

0 

-11 

+13 

24 


0.8X10-^ 

-13 

+ 3 

16 


0.8x10-5 

-17 

- 2 

15 

II 

0 

-16 

+ 8 

24 


0.4X10-* 

-16 

-f- 3 

19 


0.8X10-* 

-18 

+ 7 

1 19 


0.8X10-5 

1 -25 

- 5 

20 


of the figures in table 12.III is negative — ^not even the value obtained 
in 0,005 molar cyanide solution. 


Table 12.III 

Effect op HCN on Oxygen Liberation by Chlorella (after Warburg) 
[CO 2 ] == 9.1 X 10-« 25® C., 19,000 lux; 22 = - 30 to - 40 mm./h. 


[HCN], m./l. 

0 

10-5 

2 x 10-5 

5X10~® 


Oxji'gen pressure, change per hour, mm. 

fExpt. I 

444 

16 





P- 22 ] Expt. II 

480 

— 

4 

— 

(Expt. Ill 

294 

— 

— 

0 


Before discussing the interpretation of this interesting result, we shall 
first describe the influence of cyanide on other algae. The results show 
wide variations, both in the absolute sensitivity of the photosynthesizing 
apparatus, and in the relative sensitivity of photosynthesis and respira- 
tion. Van der Paauw (1930) found, for example, that the photosynthesis 
of Hormidium flaccidum was stimulated by cyanide in concentrations up 
to 2 X 10—^ m./l., and inhibited only above this concentration. The 
effect of cyanide on photosynthesis was roughly equal to its effect on 
respiration: no cyanide-resistant residual photosynthesis could be ob- 
served. The inhibition was equally strong in intense, and in weak light. 
All these results differed from Warburg’s observations on Chlorella* 
Van der Paauw suggested that, in Hormidium^ cyanide affects the 
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general vitality of the protoplasm — hence its uniform influence on 
respiration and photosynthesis, whereas, in Chlorella^ it acts directly 
and independently on each of these two processes. That the behavior 
of two closely related species should be so different seems implausible; 
we shall see below that a simpler explanation can be suggested. 

In a subsequent investigation (1935), van der Paauw used Stichococcus 
bacillaris, an alga which is resistant to alkaline buffer solutions and could 
therefore be studied in Warburg^s manometric apparatus, instead of in 
van der Honert's gas flow apparatus (c/. VoL II, Chapter 25) which had 
to be used for work on Hormidium, The results were described by van 
der Paauw as “intermediate between those obtained with C Morelia and 
HormidiumJ^ On the one hand, Stichococcus, similarly to Hormidium, 
showed a stimulation of photosynthesis by small quantities of cyanide 
(up to 10”^ m./L), and inhibition only above 10“^ m./l. HCN. On the 
other hand, the photosynthesis of Stichococcus, similarly to that of 
Chlorella, could not be reduced by cyanide below the compensation point. 
The ratio of the “residual photosynthesis’’ of poisoned algae to that of 
the nonpoisoned ones is expressed by P/Po in table 12.1 V. Respiration 


Table 12.IV 

Effect of HCN on Photosynthesis op Stichococcus (AiiTER van der Paauw) 


{HCN3 m./l. 

0.004 

0.005 

0.01 

0,02 

P -R 

7.0 

0.4 

0 

0 

PlPo 

7% 

5% 

5% 

5% 


in Stichococcus is doubled by cyanide stimulation, without a sign of 
incipient inhibition even at 0.02 m./l. HCN; the resistance of its respira- 
tory system to cyanide is thus even stronger than that of Chloi'ella, 
Emerson (1929) has investigated the effect of cyanide on Chlorella 
pyrenoidosa with an artificially reduced chlorophyll content. A concen- 
tration of 9 X 10"“® m./l. HCN reduced the rate of photosynthesis by 
40% in cells with a chlorophyll content of 0.037 relative units, by 30% 
in cells with [Chi] - 0.060, and by 25% in cells with [CM] = 0.083. 
Thus, Chlorella cells poor in chlorophyll were more sensitive to cyanide 
than those with a normal chlorophyll content. This was interpreted by 
Emerson as an indication that a reduction in chlorophyll concentration 
reduces the capacity of Chlorella for an enzymatic reaction. Together 
with other observations (e. g,, those on the temperature coefficient of 
photosynthesis ill chlorophyll-deficient cells; c/. VoL II, Chapter 31) 
these results have been taken by Emerson as indicating the participation 
of chlorophyll in a nonphotochemical, catalytic reaction in photosynthesis. 
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However, iron-deficient nutrient solutions, which Emerson used to grow 
cells with a subnormal content in chlorophyll, may well have caused 
also a deficiency in other, cyanide-sensitive catalysts. 

Table 12.V contains some typical results taken from the above- 
mentioned investigations of Warburg, van der Paauw, and Emerson, 

Table 12.V 

Cyanide Poisoning op Photosynthesis and Respiration 
IN Different Species of Algae 
Strong light, abundant CO 2 suppb^ 


Plant species 

[HCNl 
or [Cy] 

X 10^ 

Inhibition (— ) 
or stimulation ( +) 

% 

R 

P 

Green Algae 

1 



Chlorella mlgaris, Warburg (1919) 

0.38 

+ 57 

- 46 

Chlorella pyrenoidosa (high [Chi]), Emerson (1929) 

0.09 


- 40 

Chlorella pyrenoidosa (low [Chi]), Emerson (1929) 

0.09 


- 25 

Chlorella, Gaffron (1937) 

2 


- 50 

Hormidium flacciduni, van der Paauw (1939) 

1 

+ 33 1 

=h 10 

Stichococcus hacillaris, van der Paauw (1935) 

1 

•f 100 

- 40 

Scenedesmus species, Gaffron (1937) 

1 

- 85 

- 10 

Scenedesmus obliquus Strain D, Gaffron (1939) 

1.25 

-f 75 

- 50 

Scenedesmus species, Gaffron (1939) 

2 

1 ~ 75 

- 8 

Scenedesmus nanus, Nakamura (1938) 

1 1 


- 78 

Red Algae 




Gigartina harveyana, Emerson and Green (1934) 

1 1 


- 60 

Brown Algae and Diatoms 




Nitzschia dosierium, Gaffron (1937) 

1 

- 90 

-100 

Nereocystis, Lund and Holt (1923) 

0.8 


-100 


together with those of Lund and Holt (1923), Emerson and Green (1934), 
Gaffron (1937, 1939), and Nakamura (1938). As nearly as possible, 
values have been chosen which show the effect of approximately 10“”^ 
mole per liter of cyanide. If we designate strong sensitivity to cyanide 
by + and weak by 0, table 12. V is found to contain all possible combi- 


nations : 



B 

p 

Example: 

+ 

+ 

Nitzschia 

-|- 

0 

Scenedesmus Dl (Gaffron) 

0 

4- 

Chlorella, Stichococcus 

0 

0 

Hormidium 


The main result of Gaffron^s work on Scenedesmus was to provide the 
first example of a plant whose respiration can be suppressed by cyanide 
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without injury to photosynthesis — a reversal of conditions prevailing in 
CMorella and Stichococciis, The addition of 2 X 10“"^ m, /I. potassium 
cyanide will leave photosynthesis in Gaffron^s Scenedesmus D1 unaffected, 
but will suppress respiration almost completely. The ^^compensation 
point of Scenedesmus D1 is shifted by cyanide towards lower light 
intensities, so that, in weak light, consumption of oxygen may be replaced, 
upon the addition of cyanide, by an evolution of this gas. The effect 
of higher concentrations of cyanide on the photosynthesis of Scenedesmus 
D1 is shown by table 12.VI. Low concentrations of HCN (e. g., 5 X 


Table 12.VI 

Inhibition of Photosynthesis by HCN in Scenedesmus Species D1 
(after Gafpron) 


[HCN], m./L 

2X10"5 

lX10-« 

5X10-' 

1X10-3 

1 1 

3.3X10-2 

1X10-2 

Inhibition at: 
5000 lux 

0 

0 

-38% 

-50% 

-83% 

-94% 

400 lux 

0 

0 

0 

— 

— 

— 


m./l.), which have no effect on photosynthesis in Scenedesmus D1 at 
5000 or even 10,000 lux, will cause an inhibition if the light intensity is 
increased still further, approaching the “saturating” value (which lies 
at about 30,000 lux). 

Nakamura (1938), who believed that catalase pla^^s an important 
part in photosynthesis (cf, page 284), refused to admit the existence of 
plants whose photosynthesis is resistant to cyanide (since catalase is 
invariably inhibited by this poison). He suggested that the results of 
Gaffron on Scenedesmus D1 (and implicitly — also those of van der Paauw 
on Hormidium) should be attributed to experimental errors (for example, 
a rapid decomposition of the cyanide). In support of this criticism, he 
quoted his own results with Scenedesmus nanus. However, table 12.V 
reveals such wide variations in the cyanide sensitivity of different algae^ 
that conclusions by analogy, not only from species to species, but even 
from strain to strain, are unconvincing,, and we see no reason to doubt 
Gaffron’s results more than any others. As a matter of fact, we have 
even used these results in chapter 11 (page 286) as a decisive argument 
against the hypothesis that hydrogen peroxide is an intermediate in 
photosynthesis. 

Differences in absolute and relative sensitivity to cyanide of photo- 
synthesis and respiration in different plants can be caused either by 
qualitative factors— as variations in the chemical structure of the relevant 
enzymes — or by differences in the available of otherwise iden- 

tical enzymes. Although the second explanation seems to be more plan- 
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sible, it faces certain difficulties. If the cyanide-affected enzyme were 
the one which limits the rate of photosynthesis under ordinary oonditionSj 
(i, e. in strong light and in the presence of abundant carbon dioxide but 
in the absence of inhibitors), differences in the available quantity of this 
enzyme could not explain why a hundred or a thousand times more 
C37'anide is required to produce a certain proportional inhibition in 
Hormidium than is necessary to bring about the same results in Scene- 
desmus. Since the cyanide is always added in a large excess compared 
with the enzyme, a certain added concentration, [HCN]o, should always 
deactivate the same fraction of the enzyme, regardless of the absolute 
concentration of the latter: 

(12.2) = K [HCN] K [HCNl 

-^free 

where K is the dissociation constant of the enzyme-inhibitor complex. 

If we want to explain the different response of different species to 
cyanide by differences in enzyme concentration, we must assume that the 
cyanide-sensitwe enzyme is not responsible for rate limitation under ordinary 
conditions j hnt becomes limiting when its active concentration is reduced 
by poisoning. If we assume, for example, that both Hormidium and 
Scenedesmus contain the cyanide-sensitive enzyme in excess of the 
maximum requirement of photosynthesis, but that this excess is larger in 
the second organism, then we can understand why a larger fraction of 
this enzyme can be inactivated by cyanide in the second species before 
the rate of photosynthesis becomes affected by its deficiency. 

This point of view has been stressed by Franck (c/., for example, 
Franck, French, and Puck 1941). Its importance for the understanding 
of the effects of inhibitors in all complex biochemical processes, is obvious. 
In the case of photosynthesis, this explanation is supported by inde- 
pendent considerations of Weller and Franck (1941), based on experi- 
ments in fl,ashing light. These observations confirmed that the catalytic 
reaction which limits the rate of photosynthesis in strong light in absence 
of inhibitors is not sensitive to cyanide, and that the source of cyanide 
sensitivity of the photosynthetic process as a whole is the inhibition of 
an ordinarily nonlimiting catalytic process, more specifically, of the 
formation of the acceptor-carbon dioxide compjex, { CO 2 }. 

The complete argument mil be presented in volume II, chapter 34, 
dealing with phenomena in flashing light. The basic fact (discovered by 
Emerson and Arnold in 1932) is that cyanide does not affect the oxygen 
yield per light flash, provided the dark intervals between the flashes are 
sufficiently long. Two interpretations of this fact will be discussed in 
chapter 34; and it will be shown that the shape of the curves represent- 
ing the 3 deld per flash as a function of the length of the dark interval 
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with and without cyanide clearl.y favors the interpretation of Weller 
and Franck (further confirmed by experiments of Rieke and Gaffron 
1943) according to which a full yield can be obtained whenever the dark 
intervals are long enough to allow the photosynthetic mechanism to be 
recharged” with a new quantity of carbon dioxide. This recharging 
involves a reaction which was not rate limiting in the absence of the 
poison, but became limiting when inhibited by cyanide. The suggestion 
that this reaction is the primary fixation of carbon dioxide is supported 
by the experiments of Ruben, Kamen, and Hassid (1940) on the effect 
of cyanide on the reversible fixation of radioactive carbon dioxide in the 
dark (cf. page 203) and the observation of Aufdemgarten (1939) that the 
pickup” of carbon dioxide by leaves in the dark after intense photo- 
synthesis also is slowed down by 10“^ m./L of cyanide, from the usual 
20“30 seconds to two or three minutes (cf, page 207). Thus, the as- 
sumption that the cyanide-sensitive component of the photosynthetic 
apparatus is the carboxylating enzyme Ea (Franck^s catalyst A”) is 
well supported by circumstancial evidence. 

The conclusion we derive from this discussion is that differences in 
the cyanide sensitivity of photosynthesis in different species can be 
attributed to variations in the content of an enzyme which is not rate 
limiting under ordinary conditions, but becomes limiting when a large 
fraction of it is inhibited by cyanide. In the case of respiration^ the 
explanation may be similar; but certain observations (see below) make 
it probable that this process can proceed through different enzymatic 
channels, some less sensitive to cyanide than others; and this also may 
explain — at least in part — variations in the over-all sensitivity of 
respiration to cyanide in different species. 

We now return to the alleged existence of cyanide-resistant residual 
photosynthesis which, according to Warburg and van der Paauw, is just 
sufficient to compensate for respiration. It is known (cf., for example, 
the review of Commoner 1940) that many cells possess beside the main, 
cyanide-sensitive respiration, a cyanide-insensitive respiration of com- 
paratively minor importance. In Chlorella, the additional respiration, 
caused by glucose feeding, proves to be much more sensitive to cyanide 
than normal respiration (G4nevois 1927, Emerson 1937). This points 
to the existence of two alternative enzymatic channels of respiration. 
Gaffron suggested that a similar situation may exist also in photo- 
synthesis. From this point of view, the coincidence between the extent 
of cyanide-resistant photosynthesis and that of respiration must be 
fortuitous. However, another hypothesis is possible, which would make 
this coincidence significant. This hypothesis suggests that a certain 
fraction of photosynthesis is insensitive to cyanide because it uses a 
different substrate— namely , unfinished products of respiration (rather than 
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free carbon dioxide) — and not because it proceeds through a different 
enzymatic channel. It was stated above that the cyanide-sensitive 
stage ill photosynthesis is the formation of the complex, {CO 2 }, probably 
by carboxylation of an organic acceptor. On the other hand, it is known 
(page 222) that carbon dioxide evolution in respiration occurs by 
decarboxylation of organic acids. If these acids could be utilized in 
photosynthesis before they are decarhoxylatedj the cyanide-sensitive stage 
could be avoided. 

The problem of the cyanide-insensitive ^^residuah^ photosynthesis 
certainly requires more experimental study ; but if the results of W arburg 
and van der Paauw were to be confirmed, this would throw new light 
on the internal relationship between respiration and photosynthesis, by 
showing that respiration products may become available for photo- 
synthesis before they assume the form of free carbon dioxide. 

This interpretation of the cyanide-resistant residual photosynthesis 
leads to a simple explanation of the discrepancy between the results 
obtained with Chlorella and Stichococcus on the one hand, and Hormidium 
and Scenedesmus on the other. Since the respiration of the last two 
algae is more sensitive to cyanide than is their photosynthesis, no cyanide- 
resistant photosynthesis can be expected in them — and none was found. 

Another disagreement between Warburg and van der Paauw remains to be clarified, 
namely, the assertion of the latter that cyanide poisoning is almost equally efficient in 
weak as in strong light. The shape of poisoning curves, given by van der Paauw^ for 
Stichococcus in weak light, is peculiar: They show an inhibition of 50% at 5 X 10“^ 
m./l. HCN, followed by a renewed increase in rate at the higher concentrations of the 
inhibitor until, at 5 X 10“^ m./L HCN, the rate surpasses its normal value. No stimu- 
lation of photosynthesis by high cyanide concentrations has ever been observed by 
other investigators; and the reliability of van der Paauw’s curve seems doubtful. 

Since cyanide is poisonous to many (although not all) catalysts 
containing a heavy metal, and several such catalysts are probably 
involved in photosynthesis, there is no reason to assume that the car- 
boxylatiiig enzyme, Ea, is the only cyanide-sensitive component of the 
photosynthetic apparatus. The catalase or “deoxidase” which 
catal 3 ^zes the evolution of oxygen in photosynthesis should, too, be 
subject to cyanide poisoning. (It was mentioned in chapter 11 that the 
sensitivity of photosynthesis to cyanide was the first argument in favor 
of the interpretation of the “Blackman reaction” as the decomposition 
of a peroxide by the action of catalase; but we have also seen,, on page 
286, that this argument was reversed by Gaffron when he found an 
organism in which a complete suppression of catalatic activity by cyanide 
could be achieved without inhibiting photosynthesis.) Apparently, the 
effect of cyanide on the oxygen-liberating enzyme (or enzymes) remains 
hidden, because the “preparatory” enzyme, Eaj is less abundant than 
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the emjmeSyEc and Eq^ so that its inactivation reduces the 

rate of the over-all reaction before other cyanide effects become apparent. 
We shall see in volume II, chapter 33, that inactivation of the enzyme, 
Eo, may be responsible for most of the induction phenomena; therefore 
cyanide effects observed during the induction period are likely to be due 
to the poisoning of this enzyme. 

2. Effect of Cyanide on Hydrogen-Adapted Algae 

The hydrogen-adapted algae, whose metabolism was described in 
chapter 6, provide an illustration of the fact that several partial processes 
can be affected by the same inhibitor. According to Gaffron (1944^), the 
two cyanide-sensitive processes are adaptation (the process by which the 
hydrogenase system becomes activated^’ during anaerobic incubation) 
and carboxylation (which was held to be mainly or exclusively responsible 
for the cyanide sensitivity under ordinary conditions). 

Cyanide is a highly specific poison for the ‘^adaptation reaction.’^ A 
concentration of 1 X 10““^ m./L HCN, which only slightly reduces the 
rate of normal photosynthesis or respiration in Scemdesmus D1 (c/. 
Table 12.V) completely prevents its adaptation to hydrogen. The same 
amount, added after adaptation, has no immediate effect on the rate of 
hydrogen consumption. Larger concentrations affect it in the same way 
as normal photosynthesis, i. c., probably through the inactivation of the 
carboxylating enzyme, Ba- Cyanide accelerates de-ada'ptation, probably 
by the following indirect mechanism: The adapted state is maintained 
by continuous “ re-adaptation'^ of oxidized hydrogenase molecules; in the 
presence of cyanide, this re-adaptation is blocked, and the enzymatic 
system gradually slides back into the “oxidized” state. 

The oxyhydrogen reaction, too, is affected by cyanide, but much less 
strongly than is the ^^chemosynthetic^^ reduction of carbon dioxide which 
may be coupled with it. This, too, agrees with the hypothesis that 
cyanide affects primarily the enzyme, Sa, which catalyzes the fixation 
of carbon dioxide preliminary to its reduction (by photosynthesis or by 
chemosynthesis). 

According to Rieke and Gaffron (1943), the effect of cyanide on the 
photoreductioii of adapted algae in flashing light is the same as in ordinary 
photosynthesis, a result which also is in agreement with Franck's hy- 
pothesis. The identity of cyanide effects in photosynthesis {with 
evolution of oxygen) and photoreduction (which proceeds this 

evolution) provides the best proof that the oxygen-liberating enzyme is 
not responsible for the cyanide inhibition. 

The efiect of cyanide on the fluorescence of chlorophyll in vivo was studied by 
Eautsky and Hirsch (1937), Wassink, Vermeulen, Eeman, and Katz (1938), Wassink 
and_Katz (1939), and Franck, French, and Fuck (1941). It will be dealt with in volume 
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II, chapter 24. The effect of cyanide on photosynthesis in flashing light will be discussed 
in more detail in chapter 34 (VoL II) ; the influence of cyanide on photoxidation (Myers 
and Burr 1940) will be mentioned on page 536, and the effect of this poison on respiration, 
discussed earlier in the present chapter, will be considered again in chapter 20. 

3. Inhibition by Hydroxylamine 

Hydroxylamine (NH 2 OH) is an even stronger poison for photo- 
synthesis than is cyanide, as first shown by Shibata and Yakushiji (1933), 
who found that 2.2 X 10""'^ m./l. NHaOH-HCl suppresses all photo- 
synthesis in Chlorella ellipsoidea (in strong light and in the presence of 
abundant carbon dioxide), leaving respiration unaffected. Similar results 
were obtained by Nakamura (1938), who found a 95% inhibition of pho- 
tosynthesis by 1 X 10""‘^ m./L NH 2 OH (cf. Table 11. II). The claim of 
Shibata and Yakushiji that the effect of hydroxylamine proves the role 
played in photosynthesis by catalase (cf. Chapter 11, page 284) cannot 
be accepted as valid. In the first place, even if the poisoning were due 
to catalase, the effect could be an indirect one (as was once suggested by 
Gaffron for cyanide) : the presence of hydroxylamine could allow hydrogen 
peroxide, produced by respiration, and normally destroyed by catalase, 
to accumulate until it destroys one of the photosynthetic enzymes. 
In the second place, it is not true that hydroxylamine inhibits only catalase 
and no other enzymes. The work of Gaffron, which was discussed in 
chapter 11, and which showed that, in some algae, catalase can be com- 
pletely inhibited without a decline of photosynthesis, proves convincingly 
that the effect of hydroxylamine on photosynthesis is caused by the 
poisoning of another enzyme, and not of catalase. This hydroxylamine- 
sensitive enzyme may. bear a certain similarity to catalase in that its 
function, too, is to assist in the liberation of oxygen. This is indicated by 
experiments on the effect of hydroxylamine on the metabolism of hydro- 
gen-adapted algae (e. g,, Scenedesmus Dl). The photoreduction of car- 
bon dioxide by these algae is much less sensitive to hydroxylamine than 
is the normal photosynthesis of the same species. While the latter is 
inhibited completely by 5 X lO”*^ m./l. NH 2 OH, the reaction . with 
hydrogen is reduced by less than 50%, even in a 3 X 10“2 molar solution. 
The reduction of carbon dioxide by bacteria (with h^^drogen or hydrogen 
sulfide as reductants) is also comparatively indifferent to hydroxylamine. 
According to chapters 6 and 7, these processes share with, ordinary 
photosjmthesis a common (or similar) primary photochemical process 
which leads to the formation of a ‘^primary oxidation product,'^ {OH} 
or Z. They differ, however, in the fate of this primary oxidation product 
— which is decomposed with the liberation of oxygen in normal photo- 
synthesis, but is reduced by hydrogen, hydrogen sulfide, or other re- 
diictants, in the photoreduction of bacteria and adapted algae. The 
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comparative indifference of the last-named process to hydroxylamine 
clearly indicates that the hydroxylamine-sensitive enzyme participates 
only in the oxygen-liberating stage of photosynthesis. 

Weller and Franck (1941) measured the hydroxylamine inhibition of 
photosynthesis of Chlorella in continuous light of varying intensity. 
Figure 28 shows the unexpected result: The inhibition was found to be 



Fig. 28. — Continuous light saturation curves of 
Chlorella with and without hydroxylamine hydrochloride 
(after Weller and Franck 1941). o: not inhibited; 
inhibited by 2.5 X lO"-^ m./l. of NHoO-HCL 

independent of light intensity^ and thus similar to the effect of narcotics 
{cf. page 320 et seq.) rather than to that of typical ^^enzyme poisons.^’ 
This confronted one with the alternatives: either to consider hydroxyl- 
amine as a narcotic/’ thus renouncing the simple interpretation of its 
ineffectiveness in photoreduction, or to find an explanation of the way 
in which an enzyme poison can affect photosynthesis in weak light. 
Weller and Franck (1941) suggested that such an explanation is possible 
if one assumes that the available quantity of the hydroxylamine-sensitive 
enzyme is proportional to the intensity of ilhimination. In other words, 
this enzyme must be continuously produced (or activated) by light, and 
inactivated by a dark reaction, so that its stationary concentration is 
proportional to the intensity of illumination. This assumption is made 
less arbitrary by the fact that Gaff ron had previously arrived at the 
same conclusion while attempting to explain the induction phenomena 
(c/. Vol. II/ Chapter 33). 

We thus assume, with Weller and Franck, that, in the presence of 
hydroxylamine, the rate-limiting catalyst is not the one which causes 
light saturation in nonpoisoned cells (^^catalyst B” in Franck’s theory), 
and not the one which limits the over-ail reaction in the presence of 
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cyanide (the ''carboxylase/' Ea), but the oxygen-liberating enzyme 
(Ec or Eo) ; and that the limitation imposed on the over-all process by 
the inactivation of this enzyme is lower the weaker the illumination, thus 
leading to the same relative inhibition of photosynthesis in strong and 
in weak light. According to this concept, the effect of hydroxylamine is 
an indefinite extension of the state which usually prevails only during the 
“short induction period" (i e., in the first 2-5 minutes of illumination). 

Weller and Franck found that hydroxylamine reduces the oxygen 
yield per flash in flashing light in a constant proportion, independently 
of length of the dark intervals between flashes (while cyanide causes a 
characteristic change in the shape of the flash jdeld vs. dark interval curve; 
f/. p. 307 and Vol. II, Chapter 34). This observation is in agreement with 
the assumption that these poisons act on two different enzymes. 

It was mentioned above that the hydrogen-adapted algae are com- 
paratively insensitive to h^^droxylamine. The capacity for adaptation is 
reduced by hydroxylamine to the same extent as normal photosynthesis; 
but if hydroxylamine is added after adaptation, it has only a very slight 
effect not only on photorediiction, but also on the oxyhydrogen reaction 
(and a somewhat stronger one on the coupled reduction of carbon dioxide). 
The most striking effect of larger quantities of hydroxylamine is the 
prevention of de-adaptation. As shown by figure 29, 10“^ m./L NH 2 OH 
prevents photochemical de-adaptation even at 6000 lux. 



Fig. 29.' — Protection of the hydrogen-adapted state in Scenedesmus by hydroxyl- 
amine against re-adaptation by strong light (6300 lux) (after Gaffron 1942). Cuiwe I: 
no inhibitor. Curve II: 1 X lO-s m./L NHsOH-HCl. 

According to Gaffron (1942, 1944), the effects of hydroxylamine on 
adapted algae can best be understood if one assumes that this poison 
affects both reactions which lead from the primary oxidation product to 



314 


CATALYST POISONS AND NARCOTICS 


CHAP. 12 


free oxygen (c/. Scheme 6.1). Apparently, the more sensitive of these 
two reactions is the evolution of oxygen from the intermediate f 02 }; 
this is why ordinary photosynthesis is inhibited by very small quantities 
of hydroxylamine. Larger quantities, however, also inhibit the reaction 
by which the intermediate {O 2 } m formed from the primary oxidation 
products, fOH} or Z. This explains the protection of the adapted state 
by hydroxylamine: in the presence of a sufficient quantity of this poison, 
the primary oxidation products, which are not transformed by the 
hydrogenase system, are prevented from being converted into the 
^^de-adapting^^ oxidants, {O 2 }, and instead disappear harmlessly, prob- 
ably by back reactions with the primary reduction products, {H} or HX. 

The comparatively high concentrations of hydroxylamine used in 
some of Gaffron^s experiments made it possible that certain of the 
observed affects could be due to compound formation with the carbonyl 
groups in the metabolites^ rather than to enzyme poisoning. However, 
Gaffron (1944^) found that all effects caused by hydrox 3 damine can also 
be obtained by means of comparatively small quantities of o-phenanthro- 
line or pUhiocol (2-Me-3-hydroxy-l,4-naphthaqiiinone), which have no 
affinity for carbonyl groups; they are thus probably all due to specific 
interactions with photosynthetic enzymes. Phthiocol is a compound 
related to vitamin K, known to be present in green plants. 

Experiments with o-phenanthroline, as well as with phthiocol, have 
confirmed an interesting observation (made earlier with hydroxylamine, 
but considered uncertmn because of the high concentration of the poison 
which had to be used), that the rate of photoreduction in Scenedesmus 
can be reduced by these poisons to one-half its usual value, but not any 
further (Gaffron 1944^). The quotient AH 2 /ACO 2 remains equal to 2, so 
that the over-all process still is that represented by equation (5.6), but 
its quantum yield is only 1/16 (if the normal value was 1/8). Thus, 
poisons of this type either block only one of two equally efficient channels 
of photoreduction, or, more probably, block the normal path completely, 
but leave open an alternative path which is half as efficient as the one 
normally used. Gaffron suggested that this alternative mechanism may 
be related to the mechanism of chemosynthesis in the same algae. It 
was stated in chapter 9 (page 239) that the properties of hydrogen- 
adapted algae indicate their capacity to use oxygen instead of the primary 
photochemical oxidation product (Z or {OH}), and hydrogen instead of 
the primary reduction product (HX or { H } ) . Chemosynthesis of hydro- 
gen bacteria was attributed on page 236 to a coupled reaction of hydrogen 
with oxygen and carbon dioxide, which may be formulated as follows by 
combining equations (6.11a) and (6.12): 



+ 2 {Q 2 K — > 4 H 2 O + 4 Ah 
q. jCOa} — — ^ {CH 2 O} -}- HaO + 2 Ah 


(12.3) 
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Here, {O 2 }' is the primary oxygen-acceptor compound of the oxidase 
sj’-stem, and H 2 AH the primary hydrogen-acceptor compound of the 
hydrogenase system. 

If we replace in the first of the two coupled reactions, 4 HzAh by 
8 HX, and 2 {O 2 }' by 8 Z, and assume that two quanta are required (as 
usual) for the production of the pair HX and Z (whether by a two-step 
photochemical transfer, or by a one-step transfer followed by “energy 
dismutation,” is irrelevant), we obtain the following reaction system: 

16 hp 

(12.4a) 8X + 8HZ >8HX + 8Z 

rSHX-fSZ 5.8Z4-8HX 

{UAb) 2 HsAh + {CO 2 ] > {CH^Ol + H 2 O + 2 Ah 

This is the suggested mechanism of photoreduction of phthiocol- (or 
phenanthroline-) poisoned algae. It requires 16 quanta, instead of the 
8 which are sufficient for the normal mechanism of photoreduction: 


(12.5a) 

4 X + 4 HZ — 

— >4HX-1-4Z 

(12.5b) 

4HX+ iCOa} - 

» {CH 2 O} -t- H 2 O -1- 4 X 

(12.5c) 

4 Z -|- 2 H 2 AH ■“ 

5^ 4 HZ +2 Ah 


This explanation implies that the poisons under consideration in- 
hibit reaction (12.5c). It was suggested before that hydroxylamine 

affects, in the first place, the reaction (O 2 } >02 (thus preventing 

the liberation of oxygen), and, in larger quantities, also the reaction 

2 Z + {H 2 O} > 2 HZ + i { 02 }, thus preventing de-adaptation by 

intense light in adapted algae. We have now to postulate a third effect 
of the same poison, an inhibition of reaction (12.5c). However, this 
third effect may be related to the second one, since both can be caused 
by an association of the poison with the substrate Z, or with a catalyst 
which brings about a preliminary transformation of this substrate, and 
without which the latter undergoes immediate recombination (as in 
11,4b). We may recall in this connection a previous discussion of the 
probable necessity of stabilizing, in photosynthesis, both the primary 
reduction product (by means of catalyst Eb) and the primary oxidation 
product (either by the same or by another catalyst). 

4. Hydrogen Sulfide and Other Inorganic Poisons 

(a) Eydfogen Sulfide 

This compound is a poison for most, if not all, enzymes containing a 
heavy metal. Its effect on photosynthesis, 'discovered by Negelein 
(1925), is even stronger than that of cyanide. A concentration of lO*"® 
m./L of hydrogen sulfide reduces the photosynthesis of Chlorella (in 
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strong ligM) by 12%, and of m./L by 72%; 10”^ m./L causes a 
complete stoppage of oxygen production. The respiration of Chlorella 
is stimulated by a concentration of m./L H 2 S (oxygen consumption 
is increased by a factor of 1.8; whereas the respiration of yeast is com- 
pletely suppressed by the same sulfide concentration). These results 
are closely parallel to those obtained by Warburg with hydrocyanic acid. 
Nakamura (1938) pointed out the analogy between the effects of hydrogen 
sulfide on photosynthesis and on catalase activity (c/. Table 11 .11). It 
is plausible that the H 2 S“Sensitive factor in photosynthesis is the oxygen- 
liberating enzymatic system, since plants which do not liberate oxygen 
in light (sulfur bacteria, H 2 S~adapted algae) are not only uninhibited by 
hydrogen sulfide, but even utilize this compound as an oxidation sub- 
strate, as described in chapters 5 and 6. If this interpretation is correct, 
experiments made with hydroxylamine should be repeated with hydrogen 
sulfide. 

(6) Carbon Monoxide 

Padoa and Vita (1929) observed a partial or complete inhibition by 
carbon monoxide of photosynthesis in Plantago major and in the aquatic 
plants, Lemna minor and Elodea canadensis; their respiration was stimu- 
lated rather than inhibited. These authors assumed that carbon mon- 
oxide is absorbed by chlorophyll in the same way as by hemoglobin. 
Later (1932), they described reversible changes in the absorption spectra 
of chlorophyll solutions in benzene, caused by saturation with carbon 
monoxide, and considered these results as proofs of the existence of a 
labile addition compound of chlorophyll and carbon monoxide. How- 
ever, their photometric curves are not convincing (c/. VoL II, Chapter 
21); and in the opinion of Gaffron (1935), their data on the inhibition 
of photosynthesis by carbon monoxide also are unreliable. 

Gaffron has investigated the effect of this gas on different algae (c. 
Phormidium tenue), and found that carbon monoxide has no effect or 
only a very slight effect on ordinary photosynthesis. On the other 
hand, he found strong carbon monoxide effects — ranging from a reversible 
stoppage of gas exchange to an irreversible injury — w^hen this gas was 
allowed to act on certain algae after a period of anaerobic incubation. 
As described in chapter 6, Gaffron later (1942) found that this incubation 
caused the transition from ordinary photosynthesis to photoreduction 
involving molecular hydrogen or intercellular hydrogen donors. Gaffron 
suggested, therefore, that carbon monoxide (in concentrations of the 
order of 20%) is a specific inhibitor of the hydrogenase (whose activation 
is responsible for the oxidation-reduction processes in adapted algae), 
and does not interfere with the enzymatic system of normal photo- 
synthesis. By inhibiting hydrogen absorption and not interfering with 
photosynthesis, carbon monoxide prevents the adaptation and accelerates 
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the de-adaptatioH of Scenedesmus, Ah inhibition of hydrogenase by 
carbon monoxide also was found by other investigators, e. g,, in experi- 
ments with Azotobacter. 

(c) Sulfur Dioxide^ and Nitrous Oxides 

The poisoning of the photosynthetic apparatus by sulfur dioxide and 
by the oxides of nitrogen was investigated by Noack and coworkers from 
a point of view somewhat different from that adopted in the investigations 
discussed so far. Noack (1925) started his research with the concept 
that the iron contained in the chloroplasts plays a catalytic part in 
photosynthesis — not (or not only) the small part of it which is contained 
in organic complexes, but also that larger part which gives the hema- 
toxjdin color test and is therefore present in the form of noncomplex 
organic or inorganic salts (c/. Chapter 14, page 376). A second assump- 
tion of Noack was the hypothesis (qf. Chapter 19, part A) that, when 
photosynthesis is inhibited, the light energy absorbed by chlorophyll is 
diverted towards destructive photodynamic’^ reactions which oxidize 
and destroy both the protoplasm and the pigment. Starting from these 
two concepts, Noack set out to study the destructive effect on plant 
cells and pigments of reagents known to react with noncomplex iron. 
The effect of sulfurous and nitrous gases on vegetation is well known, 
and it is also known that the assimilating tissues are the first to be 
damaged. Noack found that, by proper caution (e. g., in experiments 
with the water moss Fontinalis, by using a 5 X 10~^% solution of so- 
dium bisulfate), the damage caused by sulfur dioxide can be restricted 
to the chloroplasts without affecting the protoplasm. The moss was 
treated with the bisulfate solution in the dark, then washed and illumi- 
nated. It show^ed a gradual deterioration of photosynthetic efficiency; 
after 24 hours of illuniiiiation, oxygen evolution was replaced by oxygen 
consumption, and the chloroplasts began to show decoloration, which 
Noack attributed to a ^^photodjmamic” oxidation. 

In a subsequent investigation by Wehner (1928), similar treatments 
hj nitrous, sulfurous and hydrochloric acid gases, and ammonia, were 
applied not only to Fontinalis, but also to whole land plants (clover) 
and detached leaves (tobacco and spinach). A treatment with sulfur 
dioxide or nitrogen oxides in the dark made all these plants liable to 
pliotoxidation, even though the poison was washed out before illumi- 
nation. Hydrogen chloride acted less strongly, while ammonia showed- 
no effect at ail (that is, its damaging influence was not enhanced by 
subsequent illumination). Very small quantities of sulfur dioxide and 
of nitrogen oxides acted as stimulants. 

Since Noack ascribed the effect of all these poisons to the binding of 
iron, Wehner attempted to ^^cure” the poisoned plants by the adminis- 
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tratioD of iron salts. He claimed some success: for example, immersing 
Fontinalis into a 5 X 10'"®% ferrous ammonium citrate solution (after this 
water moss was poisoned by fuming nitric acid) produced an increase in 
photosynthesis from 35 to 51% of the normal rate. Poisoning by 
phenylurethane (which, according to Noack, also promotes pliotoxida- 
tion) was not relieved by iron salts. 

In another paper (1930), Noack attempted to support his theory by 
experiments of a different kind: he tried to show that sulfur dioxide and 
the nitrogen oxides actually affect the state of the iron in the chloroplasts* 
These experiments (which will be described in Chapter 14) showed that 
the percentage of water-soluble iron in the leaves is increased from 6 to 
12% by the action of sulfur dioxide. Potassium cyanide caused an 
increase to 10%, and potassium thiocyanide (according to Noack this 
compound, too, is a specific poison for photosynthesis) to 12.6%. 

Noack saw in these experiments the confirmation of his theory that 
simple iron compounds, rather than hemoprotein complexes, serve as 
catalysts in photosynthesis. In this extreme form, Noack’s hypothesis 
certainly is incorrect, since true enzymes undoubtedly play an important 
part in photosynthesis (the phenomena of reversible poisoning — c. g., 
by cyanide or dinitrophenol — clearly indicate the participation of such 
enzymes). Another and still open question is whether, in addition to 
true enzymeSj simple organic or inorganic iron salts also play a catalytic 
part in photosynthesis. 

(d) Hydrogen Peroxide and Sodium Azide 

The effect of hydrogen peroxide was described in chapter 11. It can 
be observed only when catalase is inhibited, as by cyanide (wdiich can 
be achieved in some strains of Scenedesmus without a simultaneous 
inhibition of photosynthesis). It was stated on page 286 that the 
peroxide-sensitive part of the photosynthetic apparatus is probably the 
oxygen-liberating enzyme. The inhibition may be due either to oxida- 
tions brought about by the high oxidation potential of the peroxide (c/. 
page 283) or, as suggested by Gaffron, to complex formation with the 
affected enzyme (in competition with the normal substrate, but without 
catalytic decomposition, in the same way as this was observed in the 
inhibition of catalase by ethyl peroxide). 

Sodium azide aim inhibits photosynthesis, even in algae which are 
insensitive to cyanide (Gaffron 1944). 

■ S, lodoacetyl and Other Organic Poisons ■ 

Kohn (1935) found that the iodoacetyl mdicBl is a specific poison for 
photosynthesis ki Chhrella pyrenoidosa. He used iodoacetic acid, 
(ICH 2 COOH), or its amine, (ICH 2 COONH 2 ). The action was slow 
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(complete inhibitioii required one or two hours). The free acid acted 
particularly slowly in alkaline buffers and somewhat more rapidly in 
acid solution (because of the greater ease with which neutral molecules, 
which are present at the lower pH, can penetrate through cell mem- 
branes). The amine, which does not dissociate, acts with the same 
velocity in acid and in alkaline solutions. Its inhibiting effect becomes 
manifest in concentrations from 10“^ m./l. upwards; concentrations 
below 10“"® m./l. may cause a slight stimulation. A concentration of 
10 “"® m./L of the amine is sufScient for an almost complete suppression 
of photosynthesis. Respiration is inhibited only above 10“® m./L 
Inhibition is more complete in saturating than in ''half-saturating'' light. 
This characterizes iodoacetyl as an "enzyme poison," similar to cyanide, 
rather than as a narcotic. Kohn pointed out that iodoacetyl has no 
tendency to form complexes with heavy metals, so that it should affect 
other enzymes than those inhibited by cyanide. He suggested an effect 
on sulfhydryl groups (with which iodoacetyl is known to react irre- 
versibly). However, according to Nakamura (Table 11. 1), iodoacetyl is 
also a strong inhibitor of catalase, which is a hemoproteid. Obviously, an 
enzyme molecule may contain more than one grouping whose transfor- 
mation can cause an inactivation of the molecule as a whole. 

Dinitrophenol affects strongly both photosynthesis and photoreduc- 
tion; it has no specific effect on the adaptation reaction. Gaffron (1942) 
found that dinitrophenol also inhibits hydrogen fermentation in the dark, 
but does not affect hydrogen evolution in light (or even stimulates it), 
which proves that the latter process is independent of an enzyme which 
takes part in hydrogen production in the dark (of. page 143). Dinitro- 
phenol has no affinity for heavy metals and is therefore supposed to 
act on enzymatically active proteins. Apparently, it affects photo- 
synthesis by inhibiting the transfer of hydrogen from an intermediary 
reduction product to carbon dioxide, since this stage is common to both 
photosynthesis and photoreduction. (Catalytically active proteins may 
be used to transfer hydrogen atoms, while heavy metal complexes transfer 
electrons.) However, the influence of dinitrophenol on hydrogen fermen- 
tation requires an independent explanation. 

Since dinitrophenol inhibits both photosynthesis and photoreduction, 
it leaves the photochemical hydrogen liberation as the only light reaction 
in adapted algae. The apparent stimulation of this reaction by dinitro- 
phenol may be due to the prevention of losses usually caused by the 
reaction of hydrogen with carbon dioxide (formed by fermentation, and 
not absorbed rapidly enough by alkali). 

o-Phenanthroline and phthiocol were found by Gaffron (1944) to 
produce in Scenedesmus very similar to those of hydroxylamine— 

including inhibition of photosynthesis in small concentrations and of de- 
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adaptation in somewhat larger quantities, and reduction of the quantum 
yield of photoreduction with hydrogen by a factor of 1/2 {cf, p. 314), 

Green, McCarthy, and King (1939) investigated the effect on the 
metabolism of Chlorella of poisons which are known to affect specifi- 
cally the catalytic activity of enzymes containing copper, e, g., thiourea 
allylthioureaj 8-hydroxyquinoline and sodium diethyl dithdocarbamate, and 
found that all of them inhibit both photosynthesis and respiration of 
this organism. 

B. Narcotics '^ 

It was stated on page 300 that narcotization is a capillary phenomenon 
— blocking of active surfaces by surface-active compounds. A relation 
between narcotization and surface activity was noted by Traube forty 
years ago: he found that, in homologous series of organic compounds, 
the efficiency of narcotization increases with the length of the carbon 
chain, and thus parallels surface activity. 

Narcotic poisoning is, in general, less specific than enzymatic poi- 
soning, both in regard to the molecular structure of the poison and to 
the constitution of the catalytic systems affected by it. However, the 
field of narcotization is wide and also includes the action of such powerful 
poisons or stimulants as morphine, strychnine and quinine, whose effect 
on biocatalytical processes is more likely to be due to specific interactions 
with definite catalysts, than to an indiscriminate surface-blocking action. 

True narcotization of animals is characterized by reversibility. How- 
ever, large quantities of narcotics, or a prolonged exposure to any one of 
them, usually cause irreparable damage or even death. Many substances 
which have a narcotic effect on higher animals also inhibit photosynthesis 
in plants; in this case, too, the initially reversible inhibition can lead to 
an irreversible injury, if exposure lasts too long. Overdosage, as well as 
differences in the sensitivity of different species (and perhaps even indi- 
viduals), have caused a considerable confusion in this field of study. 

The narcotization of photosynthesis by chloroform was discovered by 
Bernard in 1878. He found that photosynthesis is reversibly inhibited by 
chloroform even before the latter affects respiration. On the other 
hand, Schwartz (1881) found that the suppression of photosynthesis by 
ether is associated with irreversible destruction of the tissue. Bonnier and 
Mangin (1886) contradicted Schwartz and stated that, when used 
carefully, ether as well as chloroform, causes only a reversible inhibition 
of photosynthesis; similar results were obtained by Ewart in experiments 
on the effect of ether on different mosses (1896) and of chloroform on 
Elodea (1898). He found that even a short exposure of mosses to high 
concentrations of narcotics leads to death, but that, if low concentrations 
Bibliography, page 325. 
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are used, the inhibition of photosynthesis is reversible. Kny (1897) 
went to another extreme, and asserted that even plants which are almost 
dead from chloroform poisoning continue to liberate oxygen; but his 
experiments were sharply criticized by Ewart (1898). Kegel (1905) and 
von K5r5sy (1914) made quantitative studies of the narcotization of 
water plants, using the bubble counting method (cf. Vol. II, Chapter 25). 
This work was analyzed by Schmucker (1928), who stressed the errors 
to which bubble counting — which is never very reliable — can lead in the 
presence of surface-active substances. Schmucker confirmed the re- 
versibly inhibiting effect of low concentrations of chloroform and ether, 
but attributed to an error the assertion of Kegel that high concentrations 
of these narcotics may cause stimulation of photosynthesis. Schmucker^s 
own data (obtained mainly with Cabomba caroliniana) are given in 
table 12.VIL Irving (1911), using excised cherry laurel and barley 

Table 12, VII 

Effect of Narcotics on Cabomba caroliniana 


Chloroform: No stimulation by low concentrations. 

Reversible inhibition by 0.025-0.1% by voi. 

(0.0032-0.063 m./l.) 

Injury and death by 0.1% by vol. 

Ether: Weak stimulation by 0.1% by vol. 

Reversible inhibition by 0.2-2.5% by vol. 

(0.02-2.4 in./L) 

Ethanol: Weak stimulation by 0.3-1% by vol. 

Reversible inhibition by 1-3% oy vol. (0.17-0.52 m./l) 


leaves, observed a much higher sensitivit}^ to chloroform than that 
found by Kegel and Schmucker with water plants. In her experiments, 
0.001% by volume of chloroform vapor in the air stream was enough to 
cause a complete stoppage of photosynthesis; a slightly larger concen- 
tration made the injury irreversible. Wallace (1932), also working with 
detached leaves (of Acer negundo), renewed the assertions of Schwartz 
that chloroform and ether always cause an irreversible injury. 

Some observations on the effect of thymol on the photosynthesis of 
Chlorella can be found in a paper by Emerson and Arnold (1932). 

Inhibition of photOxSynthesis b^^ alkaloids (quinine, strychnine, mor- 
phine) was observed b}^ Marcacci (1895) and Treboux (1903). Accord- 
ing to Treboux, complete inhibition is caused by 0.15% quinine chloride. 

Warburg, in 1919, introduced phenylurethan into the study of photo- 
synthesis. From then on, compounds of this class became favorites in 
all experiments on the narcotization of photosynthesis. The urethans 

0 

i I 

are ethyl esters of alkyl carbamic acids: RNH — C — OC2H6. Their 
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surface activity increases regularly with the increase in size of the radical 
R; and the narcotization efficiency increases parallel with it. According 
tO'Warburgj the quantities of urethan required to reduce respiration in 
Chlorella are about three times as large as those wffiich cause a similar 
reduction of photosynthesis (c/. Table 12. VIII). 

Table 12.VIII 


Inhibition of Respieation and Photosynthesis in Chlorella by Ueethans 


o 

RNH— li—OCaHa, 
where R is 

Concentration, millimoles/liter, required for a 50% reduction 

Of respiration 

Of photos5''nthesis 

Methyl 

1200 

400 

Ethyl 

780 

220 

: .propyl 

100 

50 

Isobutyl 

43 

17 

Isoamyl 

32 

12 

Phenyl 

6 

0.5 


.Figure 30 shows the effect of increasing .quantities of plienyliirethan 
on photosynthesis. The respiration of Chlorella is stimulated by phenyl- 
urethan in quantities from 0.001 to 0.025%; it reverts to its normal rate 
at 0.05%, and is inhibited by higher concentrations. Noack (1925) 
found that Foniinalis, pretreated with urethan, becomes susceptible to 
photoxidation even in the presence of carbon dioxide (c/. page 528). 

According to Warburg (1920) and Wassink, Vermeuien, Reman, and 
: Katz (1938), urethaiis inhibit photosynthesis equally efficiently at all 
intensities of illumination. This is illustrated by figure 3 1 . The influence 
ot urethan is, according to Warburg, also independent of the concern 
tration of carbon dioxide. 

.. The inhibition of photosynthesis in weak light shows that urethan 
prevents the transfer of excitation energy from chlorophyll to the reaction ' 
substrate, thus interfering with the primary photochemical process. It 
can do this - either by enveloping chlorophyll molecules (or catalytic 
complexes of which chlorophyll forms a part), or by protecting in a 
similar way the ^tacceptors” on which the substrates are fixed^ while 
-awaiting photochemical transformation. The enhancing, effect of urethan 
on chlorophyll jZuoresc6?ic6 in living Chlorella cells (which will be described 
in VoL. II,. ' Chapter 24); shows that urethan does come into contact with 
chlorophyll during the excitation period of the latter. We may assume 
either that urethan associates itself with chlorophyll, or that chlorophyll 
molecules encounter, during their excitation period, photoactive sub- 
strates with which they can react if they are not protected by urethan 
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molecules. The first picture is the simpler of the two, and was used 
particularly by Franck and coworkers. Its correctness could possibly 
be tested by an investigation of the effect of urethan on the absorption 
spectrum of chlorophyll in the cells (an association could reveal itself in 
changes in this spectrum). The inhibiting effect of urethan and other 
narcotics in strong lights where the reaction rate is limited by an enzymatic 
reaction, was interpreted by Ornstein, Wassink, Reman, and Vermeulen 
( 1938 ) as an indication that these substances interfere not only with the 



Fig. 30. — Inhibition of photosynthesis 
in Chhrella by phenyliirethan (after War- 
burg). 



Intensity, ©rgs/cm.^sec 

Fig. 31. — ^Light curves of photo- 
synthesis in Chhrella with and with- 
out ethylurethan (after Wassink, 
Vermeulen, Reman, and Katz 1938). 
o: not inhibited; #: inhibited by 
0.05 ml. 50% urethan in ml. 


sensitization process, but also with the enzymatic mechanism of photo- 

synthesis, by blocking enzymes responsible for light saturation. In 
consideration of_ the nonspecific capillary nature of narcotic inhibition, 
this hypothesis is not implausible. However, another interpretation of 
the same phenomenon also is feasible. The true saturation rate of photo- 
synthesis in the presence of narcotics may be the same as in their absence, 
but it may require a much more intense illumination (because a large 
fraction of chlorophyll is enveloped by the narcotic and Hght absorbed 
by it is lost for photosynthesis). If this hypothesis is correct, a f ull yield 
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of photosynthesis could be obtained also in the presence of narcotics, by 
increasing the light intensity far above the value sufficient for light 
saturation under normal conditions. 
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Chapter 13 

INHIBITIOIf AND STIMULATION OF PHOTOSYNTHESIS ' 
IL YARIOUS CHEMICAL AND PHYSICAL AGENTS 

A. Influence of Oxygen on Photosynthesis ^ 

The influence of oxygen in photosynthesis has two aspects: complete 
absence of oxygen often brings photosynthesis to a standstill; while an 
excess of oxygen invariably reduces the rate of this process. 

The necessity for traces of oxygen for photosynthesis has been much 
discussed but not yet completely clarified. Boussingault (1865) and 
Pringsheim (1887) were the first to notice that plants lose their capacity 
for photosynthesis after a sojourn in hydrogen, nitrogen, or methane. 
Willstatter and Stoll (1918) observed that some species (e. Pelar- 
gonium) lost almost all their capacity for photosynthesis after only two 
hours in an oxygen-free atmosphere, wdiile others (e. g,^ Cyclamen) 
required as much as 15 hours of “anaerobic incubation.^^ The small 
residual capacity of anaerobically treated leaves for photosynthesis was 
sufficient to restore the aerobic conditions and thus to remove the 
inhibition after several hours of exposure to light. Willstatter and 
Stoll noted that, when this “autocatalytic'^ restoration of photosynthesis 
was achieved, the partial pressure of oxygen still was exceedingly low- 
much lower than that required for the resumption of respiration. This 
fact, and the length of the anaerobic treatment necessary for inhibition, 
led Willstatter and Stoll to the belief that photosynthesis requires the 
saturation of an oxygen-acceptor complex in the cells rather than the 
presence of free oxygen in the atmosphere. They suggested that this 
complex dissociates slowly in an oxygen-free atmosphere, and is re- 
generated by photosynthesis before any oxygen can escape from the 
cells. A similar point of view was taken by Kautsky (1931, 1939), who 
thought that the energy absorbed by all sensitizers must be transferred 
to oxygen or (in the case of photosynthesis) to an oxygen-acceptor 
complex before it can be utilized for chemical transformations. Since 
this altogether implausible hypothesis was based on observations of 
fluorescence, we shall discuss it in chapter 24 (VoL II), which deals with 
the fluorescence phenomena in living plants. 

Another explanation of anaerobic inhibition was suggested by Will- 
statter (1933) and Franck (1935), who thought that the first step in 
Bibliography, page 347. 
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photosynthesis may be the photochemical dehydrogenation of chlorophyll 
by oxygeHj leading to the formation of a photochemically active mono- 
dehydrochlorophyll.” (This hypothesis has a certain similarity to the 
concept of “enei^gy dismutation” described in chapter 9.) 

However^ the need for a special explanation of the role of oxygen in 
photosynthesis, became doubtful when the reality of the phenomenon 
itself was challenged. Harvey, in 1928, used the extremely sensitive 
luminous bacteria to show that algae start evolving oxygen within a 
second after the beginning of illumination, even in a medium deprived of 
all traces of oxygen; and, more recently, Franck and Pringsheim (un- 
published) found, by observing the quenching of phosphorescence of 
adsorbed dyestuffs, that algae produce oxygen by the very first light 
flash, even after two hours incubation in purest nitrogen.* After the 
similarity of the pliotochemical processes in green plants and purple bac- 
teria- was established, Gaffron (1933, 1935) pointed out that many purple 
bacteria thrive only under strictly anaerobic conditions. This too, 
indicates that oxygen is not necessary for photosynthesis. 

As to the undoubtedly real anaerobic inhibition phenomena, Gaffron 
pointed out that the length of the required incubation period points to 
a slow accumulation of fermentation products rather than to dissociation 
of a labile oxygen compound (compare the instantaneous dissociation of 
oxyhemoglobin!). Green plants deprived of oxygen ferment, producing 
alcohols and organic acids (cf. Chapter 6, page 130); some of these 
products may well be poisonous to the photosynthetic apparatus. 
Experiments of Gaffron (1935), of Noack, Pirson, and Michels (1939), 
and of Michels (1940) showed that anaerobic inhibition is strong only in 
acid solution, and is less pronounced, or even entirely absent, in alkaline 
buffers. (For a detailed description of these experiments, see chapter 33 
in volume IL) Consequently, Noack and coworkers attributed it to free 
fermentation acids (e, g.j lactic acid). 

As mentioned before, different species respond differently to anaerobic 
treatment. In the higher plants, prolonged anaerobic incubation usually 
causes, in addition to reversible inhibition, an irreversible injury. The 
moss Mnium undulatum, on the other hand, was described by Briggs 
(1933) as capable of withstanding 24 hours of anaerobic incubation 
without permanent injury (although an induction period of two hours was 
required afterwards for the resumption of photosynthesis). Equally re- 
sistant are algae, which can withstand even several days of anaerobiosis. 
In some algae, as, for instance, ChlovellGj the only result of a prolonged 
anaeiobic incubation, is an extension of the induction period of normal 
photosynthesis. In others — ScenedesmuSj Ankistrodesmus^ and Raphi-- 

was too late to include here a detailed discussion of the new experiments of 
rranck and coworkers on photosynthesis under anaerobic conditions; they will be dis- 
cussed m volume II. ^ ^ 
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Mum (Gaffron 1940) — ^tbe same treatment produces the phenomena of hy- 
drogen fermentation and '^photoreduction/^ described in chapter 6, attrib- 
uted by Gaffron to activation of hydrogenase by fermentation products. 

None of these experiments prove that the absence of oxygen during 
the illumination — without previous anaerobic incubation — has an inhi- 
biting effect on photosynthesis; and the results of Harvey, Franck and 
Pringsheim, and Gaffron can be quoted as evidence against such an 
assumption. 

Kautsky and Eberlein (1939) argued against the “fermentation the- 
ory of anaerobic incubation by pointing out; (1) that characteristic 
changes in chlorophyll fluorescence can be observed after an incubation 
of only 1-1.5 hours; (2) that the aerobic state can be restored within 
one minute after the admission of oxygen; and (3) that the effect depends 



Oxygen, % 

Fig, 32. — Inhibition of photosynthesis of Chlorella by excess oxygen (after Warburg). 
Marked inhibition by 20% O 2 . 

on the specific oxygen pressure used. However, an incubation period of 
one hour sufBces to develop fermentation, and an oxidation period of 
one minute may suffice to destroy photochemically the fermentation 
poisons in the chloroplasts. As to point (3), the extent (and even the 
qualitative character) of fermentation may well depend on the residual 
oxygen pressure, particularly in the region in which the rate of respiration 
is a function of this pressure. 

The inhibition of photosynthesis by excess oxygen was discovered by 
Warburg (1920) and studied by Wassink, Vermeulen, Reman, and Katz 
(1938), and McAlister and Myers ( 1940 ). Warburg and McAlister and 
Myers found a decrease of about 30 % in the maximum rate of photo- 
synthesis (in strong light and abundant carbon dioxide) of Chlorella 
(Fig. 32) and wheat (Vol. II, Chapter 33) when the oxygen concentra- 
tion was increased from 0.5 to 20%. Wassink and co workers, on the other 
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hand, found no difference between the rates in pure nitrogen and in air 
(20% O 2 ) but a considerable difference between the rates in air and pure 

oxygen (Fig. 33). _ _ „ . 1 - 1 

In attempting to explain the oxygen inhibition, one naturally thinks 
of the fact that high oxygen pressure promotes photoxidation (c/. Chap- 
ter 19), which could consume a part of the oxygen liberated by photo- 
synthesis. However, it will be shown in chapter 19 that oxygen produc- 



Intensify, ergs/cnty^ec. 


Fig. 33. — Inhibition of photosynthesis of Chlorella by excess oxygen (after Wassink, 
Vermeuleii, Reman, and Katz). No inhibition by 20 % O2. A, O2; O, N2; #, air. 

tioii photoxidation, (which can be measured under the same partial 
pressure of oxygen, in the absence of carbon dioxide, cf. Fig. 56) is 
tefi times smaller than the loss of oxygen production by photosynthesis. 
Thus, oxygen inhibits photosynthesis and does not merely balance it by 
photoxidation. Franck and French (1941) assumed that this effect is 
caused by the photoxidation of an enzy?natic component of the photo- 
synthetic apparatus. The inhibition of photosynthesis by excess lights 
(cf. Chapter 19, page 532) was assumed by Myers and Burr (1940) and 
Franck and French (1941) to be brought about in a similar way, that is, 
by photoxidation of one of the photosynthetic enzymes.” Specifically, 
Franck and French suggested that the oxygen-sensitive catalyst is the 
carboxylating enzyme, Ea, In very strong light, the supply of {CO 2 ] 
complexes, which is controlled by catalyst Ea, lags behind the velocity 
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of their photochemical transformation; consequently, some of the sensi- 
tizer becomes idle and can supply energy for photoxidations; and the 
catalyst Ea may become the first victim of this photoxidation. Thus, 
the inhibition effect grows ‘‘autocatalytically/’ and, in sufficiently strong 
light, photosynthesis may come to a complete standstill In moderate 
light, the inhibition remains incomplete, despite its autocatalytic ac- 
celeration, because catalyst Ea is continuously restored by the organism, 
so that, after some time, an equilibrium is reached between the rate of 
its destruction by photoxidation and of its restoration by metabolic proc- 
esses. From then on, photosynthesis can run steadily at a rate corre- 
sponding to the stationary concentration of the active catalyst, Ea- 

B. Effect of Excess Carbon Dioxide ^ 

The effect on photosynthesis of the partial pi'essure of carbon dioxide 
will be discussed in volume II, chapter 27. We shall find there that the 
rate increases with the concentration of carbon dioxide, until the latter 
reaches about 0.1% (corresponding to a partial pressure of about 0.8 
mm.), and then becomes constant. However, photosynthesis has often 
been found to decrease at very high concentrations of carbon dioxide. 
This was first observed by de Saussure (1804), then by Boussingault 
(1868), Bohm (1873), and Ewart (1896), and interpreted by Chapin 
(1902) as a case of narcotic poisoning. However, if narcotization is 
attributed to a competition between the reactants and the narcotic for 
the catalytically active surfaces in the photosynthetic apparatus, one 
may ask how carbon dioxide can ^‘compete with itself.’^ An answer is 
that the full efficiency of photosynthesis is achieved when the different 
catalysts are occupied by their respective substrates, which include 
carbon dioxide, water, and various intermediates. An excessive concen- 
tration of carbon dioxide can cause a “squeezing out’^ of the inter- 
mediates, and thus hinder the completion of the transformation. An- 
other possible effect of high concentrations of carbon dioxide — which also 
may affect the rate of photosynthesis — ^is the acidification of the cell 
fluids, whose buffering capacity is not unlimited. 

The sensitivity to excess carbon dioxide varies widely from species to 
species. Blackman and Smith (1911) found no decline in the rate of 
photosynthesis of Elodea and FontinaliSj even in water equilibrated with 
an atmosphere containing 35% carbon dioxide. Jaccard and Jaag (1932) 
found some leaves to be indifferent to carbon dioxide concentrations 
of 15% or more; and Ewart (1896) observed that mosses can survive in 
an atmosphere of pure carbon dioxide (which is lethal to other plants). 
Singh and Eumar (1935) reported, on the other hand, that a maximum 
of the photosynthesis of radish leaves occurs at 5% carbon dioxide, and 

*** Bibliography, page 348. 


EFFECT OP CAKBOHYDRATES ON PHOTOSYNTHESIS 


331 


is followed by a sharp decline. Livingston and Franck (1940) found 
that detached leaves of Hydrangea otaksa are strongly, but not com- 
pletely, inhibited by 20 % carbon dioxide; young leaves and leaves rich 
in sugar are more tolerant than old or starved leaves. Leaves can be 
“conditioned” to high carbon dioxide concentrations by increasing the 
concentration in small increments; “conditioned” leaves retain one-half 
their maximum capacity for photosynthesis in 20% carbon dioxide and 
one-sixth in 50% carbon dioxide, but are less efficient than before at the 
lower concentrations. 

One clue to the behavior of plants in excess carbon dioxide is furnished 
by the observation of Chapman, Cook, and Thompson (1924) that a 
high pressure of carbon dioxide induces closure of the stomata. It is 
therefore advisable to make quantitative experiments on carbon dioxide 
inhibition with stomata-free mosses and algae. The observation of 
Spoehr (1939) that a high concentration (> 10%) of carbon dioxide 
stops the dissolution of starch in the chloroplasts may explain the closure 
of the stomata (cf. page 47). 

According to Ballard (1941) the effect of excess carbon dioxide on 
photosynthesis is strongly dependent on temperature. In Ligustrum, 
the depression can be observed at 6® C., beginning with 2-2.5% carbon 
dioxide, while at 16® no effect is noticeable even at 5%. The effect is 
stronger in intense light than in weak light, showing that excess carbon 
dioxide obstructs an enzymatic reaction and does not merely displace 
intermediates from the association with chlorophyll (as one could suggest 
on the basis of scheme 7.VA). 

C. Effect of Carbohydrates on Photosynthesis * 

Accumulated assimilation products have long been assumed to 
exercise an important influence on photosynthesis. As early as 1868, 
Boussingault suggested that this effect was responsible for the decline of 
photosynthesis in detached leaves. Sapozhnikov (1893) found that the 
photosynthesis of detached leaves of Vitis vinifera stops when the 
carbohydrate concentration had risen to 23-29% of the dry weight. 
Warburg (1919), Henrici (1921), Kursanov (1933), von Guttenberg and 
Buhr (1935), and Mdnch (1937) were of the opinion that the accumulation 
of carbohydrates is at least partially responsible for the decline in photo- 
synthesis after prolonged illumination, as well as for the so-called '^mid- 
day depression” (VoL II,' Chapter 26). Kursanov (1933) made labora- 
tory experiments with leaves and algae, some of which were starved while 
others were fed on 1% glucose solution in the dark. Upon illumination, 
starved leaves showed a higher rate of photosynthesis and a less pro- 
nounced midday minimum than the leaves supplied with sugar. 
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The inhibiting effect of carbohydrates can be explained either by the 
blocking of enzymes or '^active surfaces or by the diversion of light 
energy to photoxidative processes (c/. Chapter 19) — in short, either by 
an inhibition of photosynthesis, or by an acceleration of reverse reactions. 

However, the view than an accumulation of carbohydrates invariably 
leads to a decrease in photosynthesis has not remained unchallenged. 
Boysen-Jensen and Miiller (1928), Chesnokov and Bazyrina (1930) and 
Kjar (1937) asserted that there is no relation whatsoever between the 
concentration of carbohydrates in leaves and the rate of photosynthesis, 
especially insofar as the “midday depressions^ is concerned; Toshchevi- 
kova (1936) observed that an excess in carbohydrates may cause both 
an increase and a decrease in the rate of photosynthesis; and Spoehr 
and McGee (1923) asserted positively — in direct contradiction to Kur- 
ganov’s conclusions — that plants starved in the dark for several hours 
are less efficient in photosynthesis than those fed on glucose during the 
dark period. Spoehr thought that the presence of carbohydrates 
accelerates respiration, and the latter in its turn stimulates photo- 
synthesis. Van der Paauw (1932), who observed an increase in photo- 
synthesis of Hormidiuni (to the extent of 5-12% in strong light and 
50-100% in weak light) by the addition of 0.7-1% glucose to the nutrient 
solution, agreed with the Spoehr-McGee explanation, and saw in this 
effect an example of the “indirect regulation” of photosynthesis held so 
important by Kostychev (c/. Vol. II, Chapter 26). Van Hille (1938) 
grew Chlorella in glucose-free solutions, starved them in the dark for 
12 hours and then subjected them to prolonged illumination. After 25 
hours, the starch content and the rate of photosynthesis continued to 
increase steadily. Whether the increase in photosynthesis was a conse-- 
quence of the carbohydrate accumulation is not clear, but there is certainly 
no evidence in these experiments that the accumulation of carbohydrates 
was harmful to photosynthesis. Gaffron (unpublished) found no differ- 
ence between the photosynthesis of Chlorella in water and in 1% glucose 
(except under anaerobic conditions in which the presence of glucose 
accentuated the inhibition of photosynthesis after a period of dark 
anaerobiosis. According to the observations of Gaffron, sugar does not 
interfere with algal photosynthesis as long as it is utilized for growth; 
but if growth is inhibited, photosynthesis too, soon becomes affected. 
In this connection, the experiments of Brown and Escombe (1905) may 
also be recalled. They found that detached leaves of Catalpa bignonioides 
assimilate, in 4-5 hours, from 50-120% more carbon dioxide than similar 
leaves attached to the plants, despite the disrupted translocation of the 
carbohydrates. (Brown and Escombe ascribed this unexpected result to 
the wider opening of stomata in detached leaves.) 
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Obviously y several independent phenomena are involved in the effect 
of carbohydrates on photosynthesis. It depends on the species, light 
intensity, temperature, and other factors. The form in which the 
carbohydrates are accumulated must be of importance too — plants 
capable of ^'immobiliziing^^ excess carbohydrates in the form of starch 
can be expected to be less affected than plants which produce only 
soluble sugars. 

Because of the strong influence which the addition of sugars has on 
respiration and fermentation, their effect on photosynthesis is closely 
related to the coupling between these processes (as mentioned above in 
connection with the results of Spoehr, van der Paauw and Gaffron). 
We shall return to this problem in chapter 20, when dealing with the 
relation between photosynthesis and respiration. 

D. Influence of Dehydration on Photosynthesis * 

Although water is a reactant in photosynthesis, the effect of water 
content on the rate of photosynthesis cannot be treated as a ^^concentra- 
tion effect” according to the law of mass action, since water is present 
abundantly under all circumstances; the considerable influence exercised 
by the removal of even a small part of it must be caused by changes in 
the structure of the protoplasm (shrinking or swelling) rather than by 
direct effects on the kinetic mechanism of photosynthesis. 

The water content of plant tissues can be changed either by drying 
or by immersion into solutions of high osmotic pressure. Observations 
on the effect of dehydration on photosynthesis were made, for example, 
by Iljin (1923), Dastur (1924, 1925), ErHliant (1924, 1925), Meyer and 
Plantefol (1926), Walter (1928, 1929), Wood (1929), Dastur and Desai 
(1933), Alexeev (1935), DanUov (1935, 1936, 1937, 1940), Chrelashvili 
(1940), and Brilliant and Chrelashvili (1941). As a rule, dehydration 
decreases the rate of photosynthesis. However, Brilliant (1924) has 
found that the photosynthesis of Hedera helix and Impatiens parviflora 
rises to a maximum at a water deficiency of 5 to 15% (and drops to 
almost zero at a deficiency of 4J to 63%). Similarly, Alexeev (1935) 
found that the photosynthesis of apple leaves has a maximum at 28% 
water deficiency; and analogous results were obtained by Chrelashvili 
(1940) with Allium, Primula, and Zea mais. Brilliant and Chrelashvili 
(1941) found that the stimulating effect of moderate dehydration can be 
observed only at high light intensities, while the inhibiting effect of 
strong dehydration is apparent in weak, as well as in intense, light. 

Dastur (1924, 1925) suggested that a decreasing water supply is responsible for the 
loss in photosynthetic efficiency of aging leaves (an effect first described by Willstatter 
and Stoll). He found that the maximum rate of assimilation of different leaves of one 
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and the same species is proportional to their water content. Dastur and Desai (1933) 
observed that the relative photosynthetic efficiency of the species, Ahutilon asiaiicum, 
Ricinus communis, and HeUmthus annum, is proportional to the average water content 
of their leaves. 

One mechanism by which water deficiency affects photosynthesis 
concerns the stomata. Kreusler had shown, in 1885, that the stomata 
close in dry air. This indicates their primary function— regulation of 
transpiration. The enormous leaf surface, developed as a device to 
catch effectively both light and carbon dioxide, represents a danger as 
an overefficient evaporation system. The stomata keep the evaporation 
within reasonable limits, allowing at the same time for the gas exchange 
required for photosynthesis and respiration. The stomata close during 
the night, when no photosynthesis takes place, and are usually open 
during the day. However they also close in daytime when evaporation 
becomes too rapid (c/. Iljin 1923; Stilfelt 1927, 1929, 1932; and Scarth 
1932). The closure of stomata, induced by water deficiency, was 
suggested by Iljin (1923) and Geiger (1927) as a possible cause of the 
midday depression.’’ 

The operation of the stomata is based on equilibrium between starch 
and sugars in the “guard cells.” In these cells, water deficiency leads to 
increased starch production (c/,, however, Spoehr and Milner 1940); the 
drop in sugar concentration causes a decrease of the turgor and a closure of 
the slits. This effect is reversible, unless desiccation has injured perma- 
nently the enzymatic mechanism of polymerization and depolymerization 
of starch. If such an injury has occurred, the leaves may recover their 
healthy aspect, but the response of the guard cells to changes in humidity 
is lost and many stomata remain permanently closed. 

Stomata-ifree land plants (mosses, ferns, lichens) are much less sensitive 
to desiccation than are higher plants. According to Spoehr (1926), 
lichens and mosses can be dried to a powder and remain capable of 
resuming photosynthesis upon moistening. However, closure of the 
stomata is not the only way in which dehydration affects photosynthesis. 
This is proved by the effects of water deficiency on the photosynthesis of 
aquatic plants. Water can be extracted from these plants by increasing 
the osmotic pressure of the medium. To avoid complications, the 
solutes used for the adjustment of the osmotic pressure must not exercise 
specific inhibiting or stimulating effects on photosynthesis. Treboux 
(1903) found that the photosynthesis of algae decreases in an 0.1% 
solution of potassium nitrate, as well as in similarly concentrated solutions 
of other electrolytes, sucrose, and glycerol. Since the effects of isotonic 
solutions were similar, Treboux interpreted them as purely osmotic in 
origin. The inhibition was reversible, up to the point at which plasmol- 
ysis set in. Walter (1928, 1929) conducted experiments on Modea in 
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sugar solutions: photosynthesis was found to decrease by 30% when the 
concentration of sucrose reached 0.35 m./L; from there on, plasmolysis 
set in and the rate of photosynthesis decreased rapidly until a complete 
inhibition was reached in an 0.5 molar sucrose solution. Returned into 
pure water, the plants regained their capacity for photosynthesis only 
very slowly, even though no permanent effects of plasmolysis were 
visible. Greenfield^s curve (Fig. 34, Curve 4) also shows the beginning 
of inhibition at 0.35 m./l. of sucrose, but a complete inhibition only at 
0.9-1 .0 m./l. Walter suggested that the osmotic inhibition of photo- 
synthesis is the consequence of the shrinking of the protoplasm. Photo- 
synthesis seems to be more sensitive to changes in the colloidal state of 
the protoplasm than are all other metabolic processes {e.g., respiration). 

Ghrelashvili (1940) found that the removal of a certain proportion of 
water by osmotic methods may have an effect on photosynthesis which 
differs not only in magnitude, but sometimes even in sign, from that 
caused by an equivalent direct desiccation. 

Greenfield (1941, 1942) noticed that osmotic effects can be observed 
only in strong light. This indicates that desiccation affects the efficiency 
of enzymatic reactions, and not the primary photochemical process. 
Danilov (1935, 1936, 1937, 1940) asserted that dehydration effects are 
different in light of different colors. 

The effect of heavy water was discussed in chapter 11. We may 
repeat here that the carbon dioxide assimilitation in pure heavy water is 
(in strong light) from 2-2.5 times slower than in ordinary water. This 
can be attributed to the slower rate with which deuterium oxide is 
transformed by photosynthesis, and is thus not an inhibition effect in the 
proper sense of this word. In mixtures of heavy and ordinary water, 
the rate of oxidation of H 2 O is not affected by the presence of D 2 O. 

E. Inorganic Elements and Ions’** 

This is an extensive field which includes problems of plant nutrition 
and fertilization which cannot be discussed here. We are interested 
primarily in the direct effects of certain inorganic ions on the rate of 
photosynthesis. Howmver, we must also mention some indirect effects, 
caused by ions whose deficiency affects the formation of chlorophyll (or 
other components of the photosynthetic mechanism). In contrast to di- 
rect (positive or negative) ^ 'catalytic^ ^ effects, indirect ^^deficiency effects^^ 
cannot be relieved instantaneously by a supply of the deficient element. 

In addition to distinguishing between direct and indirect effects, we 
may classify the ions according to the order of magnitude of concentrations 
which are required to produce a marked change in photosynthesis. 
Ions which inhibit photosynthesis in concentrations of 0.01 m./L or less 
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(e. g., Cu++ on Hg++) may be considered as true poisons. Other ions 
become active in concentrations of the order of 0.01-0.1 m./l.; while the 
remainder act only above 0.1 m./l. The latter can be considered as 
indifferent; they affect photosynthesis only by changing the osmotic 
pressure (as described in the preceding section). 

Even more than in the case of typical enzyme poisons, the sensitivity of individual 
plants to inorganic ions is a question of (phylogenetic and sometimes even ontogenetic) 
adaptation. The behavior of salt-water algae is different from that of soft-water algae, 
while algae living in mineral springs probably are adapted to the specific composition 
of their natural media. 

Fromageot (1923) studied the influence of salt concentration on the photosynthesis 
of marine algae. The highest rate was observed in natural sea water; deviations in 
salinity in either direction caused a decline in photosynthesis. The algae retained a 
certain capacity for photosynthesis even in distilled water, but this was very weak; 
respiration, on the other hand, proved to be indifferent to changes in salinity. 

Considering the variety of “salt effects’’ in photosynthesis, it is 
obviously impossible to give a common explanation for all of them. 
Some ions affect only photosynthesis in strong light, t. e,, they influence 
the enzymatic mechanism of photosynthesis; while others reduce or 
stimulate photosynthesis under all conditions. This is true, according 
to Briggs (1922), of a deficiency in potassium, phosphorus, magnesium, 
and iron; and according to Greenfield (1941, 1942), of an excess of copper 
sulfate, cobaltous sulfate, potassium iodide, boric acid, and ammonium 
sulfate. 

Pirson (1937, 1938, 1940) and Greenfield (1941, 1942) have discussed 
the mechanisms by which ions may affect photosynthesis, in particular 
their relation to the colloidal properties of the protoplasm. Ustenko 
(1941) considered the influence of salts on the disposal of the carbo- 
hydrates as a possible cause of their effect on the rate of photosynthesis. 

L Ionic Deficiency Effects 

(a) Poiaesium 

Potassium is one of the elements whose deficiency often affects the 
plants; one of the consequences of this deficiency is chlorosis (insufficient 
development of chlorophyll) and therefore a depressed rate of photo- 
synthesis. It seems, however, that in addition to this indirect effect, 
potassium has also a direct effect on photosynthesis, since an addition of 
this element to the medium may cause an immediate increase in the rate 
of photosynthesis. 

The importance of potassium for photosynthesis was first stressed by Stoklasa and 
coworkers (1916, 1917, 1920, 1929), who pointed out that potassium fertilization is 
particularly beneficial to sugar-producing plants; they also noticed an accumulation of 
potassium in chlorophyllous tissues. (However, according to table 14. VI, potassium 
does not accumulate within the chloropiasts, but is more abundant in the cytoplasm.) 
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Stoklasa made the fantastic suggestion that the radioactivity of potassium may con- 
tribute its energy to photosynthesis; even stranger was the idea of Jacob (1928) that the 
primary effect of light in photosynthesis may be a photoelectric liberation of electrons 
from potassium! 

Briggs (1922) found that a deficiency in potassium affects photo- 
synthesis in the carbon dioxide-limited, as well as in the light-limited and 
in the light-saturated, state. That the effect of potassium on photo- 
synthesis goes beyond the improvement attributable to an increase in 
chlorophyll concentration was shown by Gassner and Goeze (1934), and 
confirmed by Eckstein (1939) and Tiedjens and Wall (1939). According 
to Mtiller and Larsen (1935), the photosynthesis of Smapis alba is doubled 
concurrent with an increase of potassium concentration in the leaves from 
1.1 to 3.8 mg. per 50 cm.^; this change cannot be attributed to an increase 
of chlorophyll content. 

Pirson (1937, 1938, 1940) found that supplying potassium to Chlorella 
cells grown in a potassium-deficient medium causes an instantaneous 
increase in the rate of photosynthesis (both in weak and in strong light) . 
In this direct action — which Pirson attributed to changes in the colloidal 
structure of the protoplasm, potassium can be replaced by rubidium, and 
(less efficiently) by cesium. In the delayed, secondary effect of potassium 
on photosynthesis, wffiich is associated with an increase in chlorophyll 
concentration, no replacement by cesium is possible, and even rubidium 
proves to be a poor substitute. Improvement in photosynthesis with 
increased supply of potassium continues only up to a certain concentration 
(Gassner and Goeze 1934, Brilliant 1936, and Alten and Goeze 1937). 
This limit is higher if the supply of nitrogen is abundant; when the 
nitrogen supply is low, an increase in potassium concentration may cause 
a decline instead of a rise in photosynthesis. Inversely, an abundant 
supply of nitrogen can become detrimental to photosynthesis if the 
supply of potassium is low (c/. Gassner and Goeze 1934; Rohde 1936 ^-2; 
Maiwald and Frank 1935; and Alten and Goeze 1937). 

(6) Magnesium 

Magnesium is a component of chlorophyll; it is therefore natural 
that plants grown without magnesium are chlorotic and incapable of 
photosynthesis (cf. page 428). Briggs (1922) observed that magnesium 
deficiency depresses photosynthesis in the light-limited and in the light- 
saturated state, as well as in the carbon dioxide-limited state. Fleischer 
(1935) found that changes in magnesium concentration affect the chloro- 
phyll concentration of Chlorella in a range in which they have only a 
slight effect on the rate of photosynthesis, and alter the rate of photo- 
synthesis in the concentration range in which the quantity of chlorophyll 
remains practical!}^ constant, thus indicating that the two effects are 
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independent of each, other. This conclusion was contradicted by van 
Hille (1937), but was confirmed by Kennedy (1940), who found that the 
low yields of photosynthesis, observed in magnesium-deficient media when 
the chlorophyll content is close to normal, can be improved by the use 
of flashing light with comparatively long intervals betw^-een the flashes. 
Thus, with intervals of approximately 0.02 sec., the yield per flash was 
about twice as large in a culture growth with abundant magnesium 
supply than in one grown with only 1 mg. magnesium per liter; when 
the dark intervals were increased to 0.4 sec., the yield per flash was 
only insignificantly smaller in the magnesium-deficient solution. This 
result is similar to that observed in cyanide-poisoned algae (c/. VoL II, 
Chapter 34), and indicates that magnesium deficiency affects the rate 
of a dark reaction in photosynthesis. 

{c) Iron 

The deprivation of iron is the best known way to produce chlorotic 
plants (cf. Chapter 15, page 428). Briggs (1922) observed that iron- 
deficient plants show a depressed photosynthetic activity in the light- 
limited, light-saturated, and carbon dioxide-limited states. 

Emerson (1929) and Fleischer (1935) found that the maximum 
photosynthesis of Chlorella cells which became chlorotic by growth in 
iron-deficient solutions was proportional to their chlorophyll content, 
and interpreted this as a proof of the absence of a direct effect of iron on 
photosynthesis. Kennedy (1940) quoted, in support of this view, the 
observation that iron-starved, chlorotic leaves show no increase in oxygen 
yield per light flash with increased dark intervals between the flashes — • 
as was observed in the case of magnesium deficiency. On the other hand, 
Willstatter and Stoll (1918) found that the photosynthesis of iron- 
deficient, chlorotic leaves was even lower than one would expect from 
their content of chlorophyll, and assumed that iron deficiency influences 
photosynthesis directly, and not merely through its effect on chlorophyll 
concentration. This discrepancy with the results of Emerson and 
Fleischer will be discussed in more detail in chapter 32 (Vol. II). It seems 
probable that, in varying the concentration of chlorophyll by limiting the 
supply of iron, one varies also the concentration of other enzymatic com- 
ponents of the photosynthetic mechanism. 

(d) Manganese 

The importance of manganese for photosynthesis has been suspected 
by McHargue (1922) and Bishop (1928). According to Pirson (1937), 
the photosynthesis of manganese-starved C/iioreHa cells is inhibited 
despite the absence of visible chlorosis; this inhibition can be relieved 
instantaneously by the addition of manganese to the medium. Emerson 
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and Lewis (1940) observed that manganese deficiency affects the maxi- 
mum quantum yield of photosynthesis in weak light. The effect of 
manganese (similarly to that of nitrate) depends on the available supply 
of potassium — the more potassium, the higher the quantity of manganese 
required to bring about the full rate of photosynthesis. 

(e) Nitrate and Phosphate 

In addition to the investigations mentioned on page 337 on the 
interrelation of the effects of nitrogen and potassium, we may quote the 
observations of Muller (1932), Hermer (1936), and Pirson (1937) on the 
importance of an adequate nitrogen supply for photosynthesis. Ac- 
cording to Muller, a reduction in nitrogen supply (from 1 g. to 0.05 g. 
calcium nitrate per liter) leaves photosynthesis in weak light unaffected, 
but reduces the rate in strong light by almost 50%. Emerson (1929) 
and Fleischer (1935) found that the capacity for photosynthesis of 
Chlorella cells made chlorotic by nitrate deficiency was proportional to 
their content of chlorophyll, and concluded that nitrate has no effect on 
photosynthesis except through the medium of chlorophyll ; this conclusion 
is open to the same objections as mentioned in the preceding discussion 
of the effects of iron deficiency. According to Muller and Larsen (1935) 
the rate of photosynthesis of Sinapis alba at 15,000 lux was twice as large 
when the content of nitrogen in the leaves was 7 mg. per 50 cm.^ than 
when it was 3.5 mg. per 50 cm.^; this difference was not caused by a 
different content of chlorophjdl. The existence of a nitrate effect on 
photosynthesis which is not dependent on chlorophyll was confirmed 
by Pirson (1937), who found that the addition of this anion to a nitrate- 
deficient medium causes an immediate rise in the rate of photosynthesis. 
Van Hille (1938) observed that ^^aging^^ Chlorella suspensions which have 
lost much of their efficiency in photosynthesis despite an unchanged 
content of chlorophyll, can be rejuvenated’^ by a renewed supply of 
nitrogen. 

The inhibition of photosynthesis by phosphorus deficiency has been 
observed, for example by Briggs (1922). 

2. Ionic Inhibition Effects 

As mentioned on page 000, many inorganic ions inhibit photosynthesis, 
some in very low, others only in comparatively high, concentrations. 
Even the ions whose deficiency retards photosynthesis may become 
inhibitors if present in excess. 

(a) Hydrogen and Hydroxyl Ions 

The photosynthesis of algae is not particularly sensitive to changes 
in the acidity of the medium, but experiments in carbonate buffers have 
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revealed a certain damaging effect of hydroxyl ions. Wilmott (1921) 
found that the photosynthesis of Elodea is not affected by the substitution 
of a bicarbonate solution (pH ~ 9) for a carbonic acid solution (pH 6) 
(assuming that the concentration of the molecular species CO 2 remains 
the same). Emerson and Green (1938) stated that the photosynthesis 
of Chlorella is independent of pH in phosphate buffers (pH 4. 6-8.9) and 
probably also in the moderately alkaline carbonate buffers; but carbonate- 
bicarbonate buffers of higher alkalinity affect the photosynthesis even 
in this very resistant organism (qf. also Matusima 1939). Some other 
.unicellular algae, e. ^., Hormidium (van der Paaiiw 1932), are injured by 
all alkaline buffers. 

Treboux (1903) observed a stimulation of photosynthesis in the 
aquatic higher plants by dilute acids; but this probably was caused by 
an improved supply of carbon dioxide (cf. page 343) and not by the 
hydrogen ' ions as such. 

(h) Alkali Ions 

Some : data in the literature suggest a specific inhibiting influence of 
ammonium ions in photosynthesis. Ewart (1896) found, and Willstatter 
and Stoll (1918) confirmed the fact, that the rate of photosynthesis in 
ammonium bicarbonate solutions is lower than in equivalent solutions 
of other bicarbonates. Benecke (1921) observed that ammonium salts 
in concentrations as low as 0.01% reduce the formation of starch and 
the evolution of oxygen by Elodea, This was confirmed by Greenfield 
(1941), who found that, ammonium ions inhibit photosynthesis both in 
strong light and in weak light (c/. page 336). An unfavorable effect of 
sodium ions on photosynthesis was noticed by Pirson (1937). According 
to Pratt (1943) the rate of photosynthesis of Chlorella declines by 60% 
after 24 hours in a 0.1 molar solution of sodium bicarbonate, as compared 
with an increase by 25-30% in an equivalent potassium bicarbonate 
solution. In a mixture of 0.035 m./l. KHCO3 and 0.065 m./l. NaHCOs, 
the rate remains constant for 15 hours. 

(c) Heavy Metal Ions 

Greenfield (1941, 1942) bathed Chlorella cells in different salt solutions 
for, 20 minutes, washed them out, and studied their photosynthesis by 
: manometric methods in light of five different intensities. Copper sulfate 
proved to be toxic even in concentrations as low as 10'"^ m./L, mercuric 
chloride in concentrations of 2 X 10~^ rn./L, and cobaltous sulfate in 
concentrations of 10“^ m./L, (cf. Fig. 34, Curve 1), whereas 0.1 m./L of 
manganous sulfate had no perceptible effect (Fig. 34,^ Curve 6). Higher 
concentrations of the “nontoxic^’ salts also caused inhibition, but this 
eouid' be attributed to nonspecific osmotic, effects, since it occurred in the 
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same region (osmotic pressure of about 15 atm.) in which photosynthesis 
was inhibited by sucrose (cf. page 334 and Fig. 34, Curve 6). Zinc 
sulfate and nickel sulfate produced inhibition at concentrations of the 
order of 0.1 m./L, that is, somewhat before it should occur if it were 
purely osmotic in origin (Fig. 34, Curve 2), Zinc sulfate and nickel 
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Fig. 34.^ — Inhibition of photosynthesis of Chlorella by different ions and by sucrose 
(22,000 lux) (after Greenfield 1942). A, specific poisons; B, weak inhibitors; C and D, 
osmotic effects. (C, indifferent salts; D, sucrose in buffer.) 

sulfate inhibited the dark reaction only; whereas cupric and cobaltous 
sulfates reduced the oxygen production in strong, as well as in weak, 
light (cf. Fig. 35). 

(d) Anions 

Greenfield (1941, 1942) observed the inhibiting effect of iodides and 
homtes on the photosynthesis of Chlorella; it occurred only in strong 
light. He also noticed that 0.1 m./l. potassium cMcndc inhibits photo- 
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synthesis, while an equal concentration of potassium nitrate has no 
effect at all. 

F. Miscellaneous Chemical Stimulants * 

Numerous data on the stimulation of photosynthesis by chemicals 
can be found in the literature, but most are based on occasional observa- 
tions under conditions which are not well defined. In the preceding 
sections, while dealing with the inhibition phenomena we found that the 
action of a number of “poisons” can be attributed to their interaction 




Fig. 35. — Effect of ions on photosynthesis in weak and strong light (after Greenfield 
1942). A, inhibition at all intensities; B, inhibition in strong light only. 

with specific components of the photosynthetic apparatus. So far, no 
such specific agents have been identified in the reverse case — that of the 
acceleration of photosynthesis. Here, we still must be content with the 
vague notion of “protoplasmic stimulation.^’ Gaffron (1939) suggested 
that stimulation of photosynthesis may be caused by an inhibition of 
hack reactions (meaning, not ordinary respiration, but oxidation processes 
in the chloroplasts which are postulated in certain kinetic theories — r/. 
VoL II, Chapter 33— and represent a direct reversal of photosynthesis). 

From the data presented in chapter 12,. it appears as though almost 
any inhibitor becomes a stimulant if used in sufficiently low concentration. 
This is true, for example, of hydrocyanic acid, iodoacetic acid, sulfur 
dioxide, hydrogen sulfide, ether, and urethan. Among alleged stimu- 
lants of photosynthesis which are not known as inhibitors we may 
mention acetaldehyde. Sabalitsehka and Weidling (1926) found that the 
rate of oxygen liberation by Elodea canadensis is doubled by 0. 001- 
0.128% of aldehyde. However, Schmucker (1928) failed to confirm this 
result in experiments with Cabomha caroliniana. 

* Bibliography, page 350, 
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A large variety of stimulation effects caused by almost infinitesimal 
quantities of different chemical agents was described by Bose (1923, 1924). 
His investigation originated in a casual observation: The rate of photo- 
synthesis of certain water plants was observed to increase sharply during 
a thunderstorm. Bose attributed this phenomenon to the oxides of 
nitrogen produced by electric discharges in the atmosphere; this conclu- 
sion induced him to investigate the effects on photosynthesis of various 
stimulants. He found that the photosynthesis of Hydrilla verticillata 
was trebled by approximately 5 X 10“^% of nitric acid and doubled by 
10”^% of a thyroid gland extract. Iodine (10~^%) caused a rate increase 
by 60%, and formaldehyde (10”’'%), by 80%. These curious results 
certainly are in need of confirmation and elaboration. 

Kholodny and Gorbovsky (1939, 1941) observed that the rate of 
photosynthesis of Hydrangea and hemp is temporarily doubled by 0.1% 
of i^-indoleacetic acid (this compound — the so-called “ heteroauxin — is 
an artificial growth hormone ^0* 

Bukatsch (1939) described a similar stimulation of photosynthesis by 
ascorbic acid. (It was mentioned on page 273 that ascorbic acid may 
play a part in photosynthesis; Bukatsch’s experiments were intended to 
test this hypothesis.) 

Treboux (1903) observed a strong stimulation of photosynthesis of 
aquatic plants by dilute (e. g., 10”^ normal) acids. However, Wilmott 
(1921), while confirming the experimental results of Treboux, found the 
interpretation to be erroneous. The increase in photosynthesis was 
caused, not by stimulation, but by the dissolution of incrustations of 
solid carbonate which often occur in plants grown in hard water, and by 
the consequent increase in the supply of carbon dioxide. No ^^stimu- 
lation” could be observed if plants were grown in soft water; even in 
hard water the effect disappeared if the supply of external carbon dioxide 
was made ample. 

The effect of mechanical injury on photosynthesis also must be 
mentioned in this chapter, because it is probably due to the internal 
production of stimulating chemical agents or 'Vound hormones.” The 
effect of wounding was first investigated by Kostychev (1921), who 
was unable to find any stimulation; to the contrary, leaves of Betula 
pubescenSj shredded by a needle, showed a somewhat reduced rate of 
photosynthesis. Lubimenko and Shcheglova (1933) attributed Kosty- 
chev^s result to a loss of active leaf surface, and repeated his experiments 
(with leaves of wheat and barley) by punching holes of known area and 
comparing photosynthesis per unit surface of wounded and intact leaves. 
They found a marked stimulation which, however, became apparent 
only two or three days after the injury. The authors attributed this 
“induction period” to the water loss caused by wounding. After the 
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wounds healed, stimulation gained over inhibition, and remained notice- 
able for several weeks. If the perimeter of the wounds was too large, 
the stimulating effect was pronounced even in the first two of three 
days; but after this the photosynthesis sank rapidly below the normal 
level The wave of photosynthesis after injury ran parallel with a wave 
of respiration. Lubimenko considered this as a demonstration of the 
dependence of both processes on ''protoplasmic stimulation/^ and thus 
as an argument in favor of Kostychev's theory of protoplasmic control 
of the photosynthetic apparatus (c/. Vol. II, Chapter 26). 

G. Physical Stimulants and Inhibitors ^ 

1. Ultraviolet Light 

The absorption bands of chlorophyll extend into the ultraviolet as 
far as the absorption has been investigated — i, c., down to 220 mju (c/. 
Vol, II, Chapter 21). However, many other components of the cells 
also absorb strongly in the ultraviolet — particularly below 300 m/x; and 
this absorption often is injurious to the organism as a whole, and also 
destroys its capacity for photosynthesis. What one would like to know 
is whether the ultraviolet light absorbed by chlorophyll (or by the ^ 
carotenoids) also has this destructive effect, or whether it can be utilized 
for photosynthesis in the same way as blue and violet light {i. e., in all 
probability, by an immediate conversion of the excessively large quanta 
into the smaller quanta of red light, and dissipation of the residual energy 
as heat, c/. the discussion in Vol II, Chapter 21). This question cannot 
be answered without a quantitative analysis of the cell absorption in the 
ultraviolet, and apportionment of the absorbed energy between the sev- 
eral absorbing agents — a method whose application to visible light will 
be described in chapter 22 (Vol. II). At present, we possess only scat- 
tered data concerning oxygen liberation and starch formation in ultra- 
violet light. More systematic information is available concerning the 
lethal action of ultraviolet light on plants — but without an identification ^ 
of the compounds whose absorption is responsible for the injury. 

Photosynthesis, c., oxygen liberation and consumption of carbon 
dioxide, undoubtedly still proceeds briskly in the near ultraviolet (c/., for 
example, Gessner 1938) . Starch formation ivas observed down to 300 m/x 
by Ursprung and Blum ( 1917 ), and below 300 m/x by Richter (1932, 
1935). In the latter case, however, the formation of starch appeared to 
be a delayed consequence of light stimulation, rather than a direct result 
of increased photosynthesis, (A short exposure to very intense ultra- 
violet light caused an increased production of starch in the dark for hours 
afterwards.) , 

* Bibliography, page 350. 
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There is no doubt that in the spectral region used by Richter 
(<300 m/i) any but a very short exposure is fatal to the organism in 
general and to the photosynthetic apparatus in particular. 

Meier (1936) has studied the action of ultraviolet rays of different 
wave length and intensity on Chlorella, and constructed spectral toxicity 
curves, in which the duration of exposure required for the lethal effect 
(at an intensity of 1000 erg/cm.^/sec.) was plotted against wave length. 
At 302 m/i, this duration was of the order of 10^ sec. ; it decreased very 
rapidly below 300 m/i, and reached a minimum (110 sec.) at 260 m.fi. At 
still shorter waves, the effect became somewhat weaker, with a secondary 
peak around 240 m^u. 

Killing the cells by ultraviolet light of course means complete cessa- 
tion of photosynthesis, even if the location of the primary attack is not 
in the photosynthetic apparatus 
proper. An indication that ultra- 
violet light (X = 236 mju) does attack 
a colorless component of this appa- 
ratus (either directly, or through 
chlorophyll as sensitizer) can be seen 
in the experiments of Arnold (1933). 

He irradiated Chlorella 'pyrenoidosa 
suspensions with the light from a low- 
voltage mercury arc consisting mainly 
of the resonance line 253.6 mju. Fig- 
ure 36 shows the decrease in the rate 
of photosynthesis of irradiated cells 
with time, and also the comparative 
indifference of the respiratory system 
to this irradiation. The abscissae 
are logarithms of the maximum rates 
of photosynthesis after exposure to 
ultraviolet light relative to the rate prior to inhibition. Arnold inter- 
preted this ratio as the proportion of ‘‘reduction centers^’ (enzyme 
molecules?) which have survived irradiation. 

The linear decrease in log (N/Nq) with time shows that the rate of 
deactivation is proportional to the number of surviving “ centers (as in 
a radioactive decaj^ process) ; this indicates that deactivation is achieved 
by a single absorption act, and does not require a cumulative effect of 
several quanta. Arnold determined the absorption of ultraviolet, light 
by, the irradiated suspeiisio,n, and calculated that complete deactivation 
requires the absorption of about six quanta for each chlorophyll molecule 
in the suspension. This figure — which does not claim any precision 
beyond that of the order of magnitude— indicates that the number of 



Fig. 36. — Effect of ultraviolet 
light on Chlorella (after Arnold 1934). 
22, respiration (no effect); F, photo- 
synthesis (exponential decline of rate 
with time). 
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^'reduction centers^' is similar to that of the chlorophyll molecules. 
However, Arnold found that, even after prolonged irradiation and 
considerable deactivation, chlorophyll is still unbleached and apparently 
unchanged chemically. This reminds us of observations on the ^^C02 
acceptor'^ described in chapter 8; both the radioactive indicator method 
(page 204) and the study of the ^'pickup^^ phenomenon (page 207) have 
indicated that this acceptor, although not identical with chlorophyll, is 
present in a concentration approximately equal to that of the green 
pigment. We may thus tentatively ascribe the sensitivity of photo- 
synthesis to ultraviolet light to the destruction of the carbon dioxide 
acceptor. The observation of Euben, Kamen, and Hassid (1940) that 
ultraviolet light (X = 253.6 m^u) destroys the capacity of Chlorella cells 
for taldng up radioactive carbon dioxide in, the dark fits well into this 
picture. 

In a second paper, Arnold compared the effects of ultraviolet radia- 
tions on the rates of photosynthesis in continuous and flashing light, and 
found that both are reduced in the same proportion. The bearing of 
this result on the theory of the kinetic mechanism of photosynthesis will 
be discussed in volume II, chapter 34. 

2, Electric Fields and Currents 

Some rather unreliable information has been gathered on the effect 
of electric currents and potentials on photosynthesis. Thouvenin (1896) 
claimed that the passage of direct current through Elodea stimulates pho- 
tosynthesis. Pollacci ‘ (1905, 1907 ) and Koltonski (1908) observed that 
the effect depends on the direction of the current, stimulation occurring 
when the apex of the shoot was positive and inhibition when it was nega- 
tive. Chouchak (1929) asserted that corn leaves assimilated more car- 
bon dioxide than ordinarily when they were positively charged, and less 
when the charge was negative. Gorski (1931) found that, if Elodea 
: sprigs are made to assimilate- in water through which a direct current 
(0.2-P.8 ma./cm.^) is passed, no change in the rate of oxygen evolution 
could be observed in 0.5% potassium acid carbonate, calcium nitrate, 
potassium chloride, magnesium sulfate, or sodium dihydrogen phosphate 
solutions, but a slight increase in rate occurred in an ammonium sulfate 
solution. 

3.' Radioactive Rays 

Henrici (1921) noticed the effect of radioactive radiations on the rate 
of photosynthesis. In her experiments, the plants were protected from 
the direct action of the rays so that the effect had to be ascribed to the 
ionization of the air. In weak light, ionization sometimes increased the 
rate of photosynthesis by as much as a factor of 4; the effect disappeared 
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in strong light or in presence of abundant carbon dioxide. Alpine plants 
continued to show stimulation at higher light intensities than plants from 
the plains. Schiller (1937) observed that Spirogyra produced more 
starch in radioactive water of Gastein springs than in a nonradioactive 
medium. 

Stoklasa^ Hruban, and Penkava (1930) found that alpha rays in- 
hibit photosynthesis, beta rays inhibit it at first and stimulate it upon 
prolonged irradiation, and gamma rays stimulate photosynthesis and 
retard respiration. 

The strange hypothesis of Stoklasa that potassium affects photo- 
synthesis by its radiation was mentioned on page 337. 

Nisina, Nakamura, and Nakayama (1940) observed the reduction in 
photosynthesis by about 50% in Chlorella ellipsoidea after three hours of 
irradiation with neutrons from a berryllium source. With Scenedesmus 
nannSj no effect was observed after 10 min., a stimulation of a few per 
cent after 30 min., and an inhibition of — 37% after two hours, while 
respiration was unaffected even after three hours of irradiation. 
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THE STRUCTURE AND CHEMISTRY OF THE 
PHOTOSYNTHETIC APPARATUS 
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THE CHLOROPLASTS AND CHROMOPLASTS 
A. Structure op the Chloroplasts * 

L Number, Size, and Shape 

Cliloroplasts are small green bodies enclosed in the cytoplasm of the 
higher plants and green algae. Together with the corresponding organs 
of red and brown algae, they are included in the more general term 
chromoplasts. Blue-green algae do not contain any chromoplasts at all, 
and the same is probably true of green and purple bacteria (c/. Metzner 
1922). 

The importance of chromoplasts for photosynthesis is indicated by 
the fact that all chloroph 3 dl (as well as the other pigments related to 
photosynthesis — the carotenoids and phycobilins) are concentrated in 
them, (Only pigments of the blue-green algae are distributed more or 
less uniformly in the “cliromatoplasm’’ of these primitive organisms.) 
Sachs asserted, in 1862, that the formation of starch grains inside the 
cliloroplasts during photosynthesis proves that these bodies are the site 
of the photos^mthetic process. Reinke (1883) remarked that this proof 
IkS not convincing, because chloropiasts can convert externalh?' supplied 
sugars into starch as well (cf. page 47). He agreed, however, that the 
oliservation of Engelmann (1882, 1883) that oxygen-sensitive motile 
loiictcM’in are attracted \>y the chloropiasts gives an indisputable proof of 
the iirodufdion of oxygcai in these bodies. 

It lia-s been gcaierally accepted since the time of Engelmann and 
ileiiikcs that the roa(*ti(.>n sequence of photos 3 mthesis begins and ends in 
the chloropiasts, despite the occasional, rather vague discussion of a 
"'Ijrcjtcjplasiiiic factor” as a regulating influence in photosynthesis, 
llowei’er, the inability of isolated — even if apparentl}^ intact — chloro- 
|)la>'<ts to (‘arr3^ out pliotos\uithesis (cf. Chapter 4, page 62) is an indica- 
tion tliat tiiis process requires the cooperation of the cytoplasm,. Experi- 
ments of Frenkel, described, on page 204, make it appear probable that 
the prelimiriar}" dark fixation of carbon dioxide may take place outside 
tlie chloropiasts. Hill’s observation (cf. page 63) that isolated ehloro- 

* Bibliog,rapliy, page 394. 
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plasts can evolve oxygen from water in light, but are unable to use 
carbon dioxide as oxidant in this I'eaction, agrees ell with this hypothesis. 

The cJiromoplasts of the algae are of varied size and shape, e. g., stars 
(Fig. 37c), bands (Fig. 37 d), or discs (Fig. 37a and e); giants with 



Fig. 37. — Chromoplasts (c) and pyrenoids (p) in algae, a. Disc-shaped chloro- 
piasts (E’remosphaera, after Moore); b. Division of a pyrenoid (Zygnenia pedmatam, 
after Cziirda); c. Star-shaped chloroplasts {Prasiola); d. Band-shaped cliloropiast; 
e. Disc-shaped chloroplasts in a diatom (Cocconeis placentula Ehrenb.). (All drawings, 
except d from Fritsch 1935.) 

linear dimensions up to 100 /x have been observed in some species. 
Ghlorella^ihe unicellular green alga \videl 3 ' used in the study of photo- 
s^mthesisj contains a single, bell-shaped chloroplast which covers the 
inside of the cell walls, leaving only a narrow entrance into the interior 
of the cell. 
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A characteristic feature of the chromoplasts of most algae are the 
so-called pyrenoids, irregular-shaped bodies which are supposed to consist 
of reserve proteins and are often surrounded by a starch sheath (cf. 
Fig. 37a, b, c. According to Bose (1943) the oil droplets produced by 
photosynthesis in algae first appear in these sheaths. 

The chloroplasts of the higher plants are contained mainly in the 
palisade and sponge tissues of the leaves (Fig. 38), and are quite uniform 
in size and shape. They are discs or flat ellipsoids, 3-10 y across. 
Mdbiiis (1920) measured hundi'eds of them, in many different species, 
and found 5 g as the most common size. Meyer (1912) measured the 
three axes of numerous chloroplasts of Tropaeolum majus and found: the 



Fig. 38. — Chloroplasts in a leaf (from Meyer and Anderson 1939). Cross 
section of a leaf of the tulip tree (Lmodendron tulipifera). (Courtesy of D. Van 
'Nostrand Compan.y, Inc.) 

major axis from 3.0-4.9 y (average 3.9 p ) ; the medium axis from 2. 3-4.0 m 
{avc‘rage 2.9 //); the minor axis from 1. 3-2.3 ju (average 1.6 ju); and the 
vuiiiine f assuming an ellipsoidal shape) an average of 9,4 According 
to Ciodnex' and Kalisfievich (1940), the average dimensions of the chloro- 
plasts of Jf nium are 6.4 X 5.4 y; the average surface, 28 and the aver- 
age volume, 41 

Tlie number of chloroplasts in a single cell varies, in the higher 
piaiits, from a few to a hundred or more. Haberlandt '(1882) found an 
average of 36 chloroplasts in each palisade cell, and 20 in each spongy 
parenchyma cell of Ricirms communis^ while Godnev and , Kaiishevich 
(1940) counted an average of 106 chloroplasts per cell in over 7000 cells 
in a leaf of Mrdum. According to Haberlandt, the average number of 
chloroplasts per cm.- of leaf surface, in six species, was between 3 and 
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5 X 10^; the corresponding figure for Mnium, according to Godiiev and 
Kalishevich, was 9 X lOh 

The chloroplasts have been diversely described as liquid or solid 
systems. They are more adequately defined as thixotropic gels — see, for 
example, Meiike (1938) — that is, solid colloids which can be liquefied by 
weak mechanical forces. This temporary liquefaction enables the 
chloroplasts to change their shape, grow pseudopodia, propagate by 
division, and occasionally discharge their contents through holes in the 
cell walls. 

The existence of a chloroplast membrane was suggested by Tschirch 
(1884), who stated that it prevents chloroplasts from coalescing, and 
protects chlorophjdl from being destroyed b}^ organic acids present in 
the sap of many plants. Others, for instance, Schmitz (1883), considered 
the membrane an optical illusion. More recently, Wieler (1936) re- 
affirmed the existence of a chloroplast membrane in Elodea canadensis, 
and Graiiick (1938^) stated that a semipermeable membrane permits 
maintaining isolated chloroplasts of tobacco and tomato intact for several 
hours in a 0.5 molar glucose solution. When isolated chloroplasts are 
placed ill distilled water, they swell, become vacuolated, and disintegrate 
{cf. Neish 1939). 

2. The Grana 

Earlier investigators, e. g. Pringsheim (1881), Schmitz (1883), Tschirch 
(1884), and Bredow' (1891), stated that chloroplasts have a structure 
which they described as a “sponge’’ (Pringsheim) or “net” (Schmitz). 
Meyer (1883) and Schimper (1885) called the structure “granular,” 
with dark “grana” surrounded by a lighter colored “stroma.” Then 
came a change in opinion. Liebaldt (1913) and Ponomarev (1914) 
described chloroplasts as homogeneous bodies; this interpretation received 
strong support from the then prevalent concept of the structure of the 
living protoplasm, which was considered as an homogeneous colloidal 
system — hydrogel or hydrosol — without microscopic differentiation. All 
structural details, often observed in the protoplasm under the microscope, 
were supposed to be artefacts, indicating a denatiiration of the living 
matter. This point of view was extended to chloroplasts; and in ail 
textbooks up to 1935 they were pictured as homogeneous, opticalby 
empty, colloidal bodies. Zirkle (1926) asserted that chloroplasts often 
contain a vacuole, connected b^^ channels with the cytoplasm, and that 
these channels can give the chloroplast an apparent granular structure 
which may have deceived earlier observers. 

In 1932, however, the hypothesis of chlorophyll grana was revived by 
Heitz ( 1932) . It was confirmed by photographs (Doutreligne 1935) clearly 
showing the dark grana among lighter-colored “stroma” in the chioro- 
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plasts of Mmwm, Vallisneria, Cabomba, and Mynophyllum, as well as by 
the observations of Wieier (1936) on Elodea and Weier (1936) on more 
than 100 species, particularly beet. Especially convincing were numer- 
ous photographs reproduced in a second investigation by Heitz (1936), 
in which the grana were observed and measured in the higher plants of 
all classes-— including cryptogams^ monocotyledons^ and dicotyledons. Some 
of Heitz' photographs are reproduced in figure 39. His material did not 
include algae. Earlier investigators have reported that algal chronio- 


Pic. 39. I'nfU'r Heitz 1936). a. Agcipanthus horizontal slice 

IbrfHiiih tho s]>oiif»;y par(‘iic}iynia ; b. Sdaginella Watsoniana, giant chioroplasts in intact 
yuiing Iratiots of the spnrMph.vii stalks, leaf surface cells; e. Todea superba, side view of 
the cliluujplasts; d. Sizes of grana in different species (drawing), the last one being in the 

state 'Of division. 


plasts are hoinogeiieoiis. It is, therefore, important that Geitler (1937) 
and H;}'geii (1937) found that grana can be observed also in algae — even 
tlie bliie-greeii algae, which have no chronioplasts at all. True, Geitler 
failed to discern grana in certain species of algae; but since the smallest 
observed grana wore close to the limit of microscopic \u,sibility — about 
0.3 /X — one could assuiiie that, in these species, they fell l)eIow this limit. 
Howe\''er, grana are not equally clearly visible in the chioroplasts of all 
the liiglier plants also. Some appear homogeneous under all conditions 
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(Weier 1938; Beaiiverie 1938), while in others, the grana become clearly 
outlined only after a special treatment {e, g., in clover, according to 
Weier, after the leaves have been kept in darkness for 15 hours). Chemi- 
cal treatment, which tends to make the protoplasmic structure -coarser 
(as, for example, treatment with 20% ethanol according to Wieler 1936), 
often makes the granular structure more pronounced. Chodat (1938) 
obtained a similar result by heating the starch-bearing chloroplasts of 
Pellionia daveanana to 80° C. 

As a result of these varying observations, some authors, e. g., Heitz 
(1936), consider the grana as obligatory structural elements of all normal 
chloroplasts, while others (Weier 1936; Menke 1938) think that some 
chloroplasts are granular and others genuinely homogeneous. 

Heitz (1936) found that the grana remain 
intact in chloroplasts treated by fixatives, as 
well as in dried cells, and can be therefore iden- 
tified even in leaves from an herbarium. 

■ Additional evidence in favor of the granular struc- 
ture of chloroplasts has been derived from experiments 
on the reduction of silver nitrate by these bodies (the 
Molisch reaction mentioned on pages 254 and 270). In 
some of these experiments (c/. Fig. 40), silver deposits 
were found to enclose lighter colored islands (Wieler 
1936; Weber 1937; Dischendorfer 1937); and it was sug- 
gested that these are identical with the chlorophyll grana. 
According to Pekarek (1938), silver is deposited on the 
boundary between stroma and grana, forming a net like 
pattern. However, IVeber (1937) and W^eier (19389 
warned against uncritical identification of the silver- 
surrounded islands with chlorophyll grana, pointing out 
that silver patterns of a different type are often obtained 
in the Molisch experiment, and that the location of silver 
deposits around the chlorophyll grana has never been 
directly demonstrated. Tlie silver nitrate treatment kills 
the cells, and can thus produce all kind of artefacts. 

Some earlier authors, e. g., Timiriazev (1903) and Priestley and 
Irving (1907), assumed that all grana are concentrated on the surface of 
the chloroplast. More recently, Wieler (1936), too, thought the grana 
to be embedded in the surface layer of the stroma. However, the photo- 
graphs b}^ Heitz (1936) and Doutreligne (1935) show the grana to be 
distributed more or less uniformly throughout the chloroplast. Heitz 
observed that sometimes the grana form several layers, so that the 
chloroplasts appear striated when looked upon from the side (c/. Fig. 
39c). Certain reagents (10% acetone, for instance) cause the grana to 
clump together in one corner of the chloroplast (Wfieler 1936). 

According to Heitz (1936), the grana are flat discs. This can best 



Fig. 40. — Granular sil- 
ver deposits in chloroplasts 
(after Weber 1932). 
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be seen on photographs showing them from the side (e. Fig. 39c). 
The large diameter of the grana is from 0.3 to 2 g according to Heitz 
(1936) and Baas-Becking and Hanson (1937). They are larger in shade 
plants than in siiii plants; in a given leaf, their dimensions are larger in 
the spongy parenchyma than in the palisade tissue. The drawing in 
figure 39d shows the variations in the sizes of the grana in various plants. 
On the far right, in the specimen -with the few large grana, one is shown 
in the process of division. (According to Heitz, grana generally propa- 
gate b,y division.) 

Heitz' and Doiitreligne's photographs show that the number of grana 
in a chloroplast can vary from ten to a hundred. Hanson (1939) has 
counted grana in 50 chloroplasts of Hormddmm flnccidimi; the average 
was 26 grana per chloroplast. 

According to Neish (1939), when chloroplasts are allowed to swell in 
distilled water, they disintegrate, and the chlorophyll-bearing grana 
(discs or spheres, with a size of about one-sixth of the whole chloroplast) 
are vset free; these swell very slowly and do not rupture for weeks. Heitz 
(1936), Neish (1939), and Alommaerts (1938) asserted that chloroplast 
preparations made by grinding the leaves in pure water and fractionating 
the triturate, contain free grana rather than whole chloroplasts or their 
fragments; but this view was opposed by Menke (1940) (qf. page 370). 

What is the difference in composition between grana and stroma? 
Menke (1938) suggested that it is quantitative rather than qualitative— 
that the grana are vaguely outlined regions in which the concentration 
of certain components (c. g,, pigments) is higher than in the rest of the 
chloroplast icf, page 363). It is known (c/. page 371 et seq.) that proteins 
form about 50% of the chloroplast matter, and lipoids (ether-soluble 
compounds) about 30%. It is thus natural to assume that the grana 
differ from the stroma in the relative proportion of these two types of 
imiterials. Wider (1936) observed that grana can be dissolved in alcohol, 
lea^uiig (‘.avities in the stroma. ; he tlierefore considered the grana as the 
li|.}o|)l'ii!i(* part of the chloroplast. Weier (1936) on the other hand, 
ilioiight, tluit only the pigments are extracted by alcohol, leaving behind 
discolored! grj-iiia (rather than cavities); he suggested that the grana 
consist mainly of li^ydrophilic (proteinaceous) material. 

An acciiiniiiatiori of lipoids in the grana, assumed b\" Wieler, is 
supported l3.y staining experiments (according to Striigger 1936, and 
Wider 1936, the grana are preferentially stained by lipophilic dyestuffs, 
€; (/., rliodamine B, and Sudan red III) and, according to Frey-Wyssiing 
(1938), by the observation, (attributed b}^ him to Metzner) that grana 
melt iipoii heating. This transition is accompanied by a sudden increase 
in the intensity of fluorescence, which can be noticed under the fiuores- 
ceiice microscope (ef, Vol. II, Chapter 24). 


362 


CHLOROPLASTS AND CHROMOPLASTS 


CHAP. 14 


Older investigators (Meyer 1883; Schimper 1885) were not certain 
whether dl pigments are segregated in the grana or not. The grana 
undoubtedly were darker than the stroma, but the latter did not appear 
quite colorless. Doutreiigne (1935) made photographs in monochromatic 
light, ill the hope that, if chlorophyll were concentrated in the grana, 
the contrast would be strong in red and blue, and absent in green and 
infrared. There was (as expected) almost no contrast in infrared light, 
but the pictures taken in green light were not very different from those 
in red and blue light. However, this may be due to the fact that chloro- 
phyll absorbs much more strongly in the green than in the infrared (qf. 
Voi. II, Chapter 21). 

Heitz (1932) found that the stroma of many chioroplasts is entirely 
colorless. In other species, the picture was less clear — probably because 
of light scattering, rather than because of an actual coloration of the 
stroip^ 

distribution of chlorophyll between stroma and grana also can 
be studied by means of a fluorescence microscope. Lloyd (1923) asserted 
that onl^^ the stroma fluoresces, while the grana remain dark. This 
result has not been confirmed by Metzner (1937), who asserted that on 
the contrarjq the grana alone are fluorescent, and claimed that this 
difference can be used to detect the grana in specimens which do not 
show them clearly by transmitted light. The settlement of this contro- 
versy is desirable, since it would help to understand the state and distri- 
bution of chlorophyll in the chioroplasts (cf. Vol. II, Chapter 24). Lloyd’s 
observation could be quoted in support of the concept of Seybold and 
Egle that chlorophyll exists in plants in two forms — in a concentrated, 
nonfluorescent form in the grana, and in a diluted, strongl}^ fluorescent 
form in the stroma (c/. page 392); while Metzner’s result supports the 
alternative (and more plausible) hypothesis that all chlorophyll is 
contained in the grana and is in a weakly fluorescent form. 

3. The Lamina 

It was stated above that, according to Heitz (1936), the grana usually 
are arranged in layers. Menke (1938) has concluded from the bire- 
fringence of the chioroplasts (cf. pages 365 et seq.) that these organs have 
a laminar structure; and Menke and Koydi (1939) observed the disinte- 
gration of microtome slices of A7ithoce7'os chioroplasts into stacks of 
laminae, pushed apart — particularly in the middle of the chioroplasts — 
by the pressure of accumulated assimilates. They counted from 20 to 
40 of these laminae in each slice; and since the assimilate-free chioroplasts 
were only 1-2 g thick, the thickness of a single lamina must have been 
of the order of 0.05 g (that is, below the limit of dissolution of an ordinary 
microscope). That they could be seen at all must have been due to the 
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fact that they were looked upon slightly obliquely, so that their larger 
diniensioiis parallel to the surface of the chloroplast could contribute to 
visibility. Afithoceros chloroplasts contain no visible grana; but a similar 



a 



b 

Fig. 41 . — a, Laminar structure of a grana-free Aniho- 
ceros chioroplast (microphotograph in ultraviolet light: 

X ~ 275 niyu; magnification X 1000) (after Menke 1940). 
b, Laminar structure of a grana-carrying chloroplast (after 
Menke 1940). 

disintegration into laminae was observed also with the granular cliloro- 
plasts of other plants. Menke concluded that the grana are parts of the 
lamina, in which certain components {e. g., the pigments) are accumulated. 

This concept was f urther strengthened 
by observations in ultraviolet light and 
under the electron microscope. Figure 
41a shows a slice of a grana-free Antho- 
ceros chloroplast photographed by Menke 
(1940) in ultraviolet light. The struc- 
ture of graria-bearing chloi’oplasts, ob- 
served by Menke with slices from Selag- 
inella grandis and Phaseoliis rnultiflorus, 
is represented in the schematic figure 
41b. The strong absorption of grana 
ill the ultraviolet, revealed by this figure, 
ma^v be caused by chlorophyll or the ca- 
rotenoids (c/. Vol. II, Chapter 21); but 
other compounds, for example, nucleic 
acid, may contribute to it. Photographs 
ill' ultraviolet light of different wave 
length could perhaps disclose the distribution of various ultraviolet, ab- 
sorbing compounds in the chloroplasts. 



Fig. 42.— Pklgc of a chloroplast 
of Nicoiiana iabacum (X 10,000) 
(after Kausche and Ruska 1940), 



i FiG. 43. Portion of a chloroplast of Elodea canadensis, showing units (after 

■ Roberts 19422).=^ Inset, X 10,000; main figure, X 100,000. 

^ * rhanks are due to the Radio Corporation of America for use of the electron 
inicioscope and to Miss Nina Zworykin for taking this electron micrograph. 
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The results obtained by microphotography in the ultraviolet were 
confirmed by the electron microscope observations of Kausclie and 
Ruska (1940), shown in figure 42. The thin discs or laminae revealed 
by this photograph vary in diameter from 0.4-2. 5 ii, that is, they are of 
the same size as, or larger than, the grana — but their thickness is only 
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0.01-0.02 pt. Kaiische and Ruska agreed with Menke that these laminae 
may be of an even more fundamental importance for the striictiire of 
chloroplasts than the grana. 

The siibmicroscopic structure of chloroplasts was also investigated by Roberts 
(1940, 1942). Using an optical microscope, she observed first the presence in the 
chloroplasts of various species of ferns, thallophyies, bryophytes, and spennatophyteB of 
a small number (e. g., 3 or 4) of “plastidules^’ into which a chloroplast can easily dis- 
integrate, each plastidule containing several (4-40) “granules” about in clianaeter 



a b c 


Fig. 44, — Birefringence of chloroplasts. a: Mougeotia, the end walls of the cells, 
and the chloroplasts (seen in profile) are bright; b: Closierium lunula (after Menke), the 
chloroplast, in particular its ribs, is bright; c: Anthoceros (after F. Weber), gametopliyte 
cells, each containing one clioroplast, are bright at the upturned edges of the latter 
(from Schmidt 1937). 

(these* w<*r(* probably identical with the Heitz grana). In a subsequent study with the 
electron ii)ieroseop(\ the granules were found to consist of “primaiw/’ “secondaryv” 
“t(‘nL‘ir\-,” “quateriiaiy,” and “quintary” subunits, whose sizes were 0.4 -0.5, 0.25, 0.1, 
0.01 and 0.02//., respectively. Figure 43 shows a chloroplast of Elodea canadensis, 
magnified 10,000 and 100,000 times, revealing “sulainits” of different order. The 
rehition !)etween these subunits and the laminae shown in figure 42, is not clear. 

4. The Birefringence of Chloroplasts 

It lias been mentioned above that the laminar structure of the cliloro- 
plasts was first postulated as a means of explaining tlmir double re- 
fraction. 

The hirefrigency of chloroplasts was discovered by Scarth in 1924 and 
rediscovered b,y Kiister (1933, 1936), Menke (1934), and Weber (1936). 
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In the living cell, the chloroplasts exhibit a negative monoaxial double 
refraction (the optical axis being normal to the surface of the chloro- 
plast). Figure 44 illustrates this phenomenon, while the position of the 
index ellipses is shoAvn by figure 45. The negative double refraction 
disappears upon imbibition with glycerol, and is thus a niorphic bire- 
fringence, Avhich can be explained by a laminar structure, the planes of 
the laminae being oriented normally to the short axis of the chloroplasts. 




Fig. 45.~Moiphic birefringence of chloroplasts (after Menke 1938). (a) Position 

of index ellipses in a chloroplast of Mougeotia; (b) same in a chloroplast of a higher plant 
in front view and in profile. A is the optical axis. 

Further proofs of this structure were derived by Menke (1938) from 
obserAmtions of dichroism. The dichroism of the chloroplasts in the 
natural state is Aveak but detectable, particularly in monochromatic red 
light Avhere the birefringence has its maximum (at 681 mg). Chloro- 
plasts fixed by Alenke and Klister (1938) Avith osmic acid and then 
impregnated Avith gold chloride exhibited a stronger dichroism. They 
appeared bluish Avhen their short axes AA'ere parallel to the plane of 
polarization of light, and orange Avhen they were perpendicular to this 
plane. This result can be explained by the assumption of submicro- 
scopical laminae upon Avhich gold is deposited in thin layers. 

When the chloroplasts are imbibed AAuth glycerol, the negative double 
refraction caused by the laminar structure disappears (because of the 
equalization of the refractive indices of the laminae and of the interstices) . 
Instead, a positive double refraction appears Avhich must be an intrinsic 
property of some regularly arranged anisotropic molecules. Menke and 
E’re.y-Wyssling ascribed it to an array of elongated lipide molecules. 
Dried chloroplast niatter shows a positive double refraction; extraction of 
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lipides with ether makes it negative. Thus, in living cells, the negative 
morphic birefringence overcompensates the positive intrinsic birefringence 
of the lipides, while the relation in dried chloroplasts is reversed, prob- 
ably because of a distortion of the laminar structure. 

Stnigger (1936) shoAved that the leaves of Elodea can be stained with 
ilH‘ lipo|)hilic dyestuff rhodamine B, without affecting their vitality (as 
simwn Iw unimpaired photosyiithetic actiAuty). According to Menke 
I I93S), chloroplasts stained in this Avay exhibit a strong dicliroism, Avhose 
cliaracier indicates that the long axes of the lipide molecules are arranged 
lionnally to the surface of the chloroplast. Thus, the laminae probably 
c.oiisist of' a forest of long molecules aligned parallel to the short axis of 
tin* chloroplast. 

PiiAson and Alberts (1940) could not fully confirm the observation of 
Stnigger that staining Avith rhodamine B does not impair the photo- 
synthclic efficiency of Elodea. Gessner (1941) found that staining causes 
no ill effecd. in the dark, but that a ^^photodynamic injury occurs in 
light absorbed by the dye. This light is not utilized for pliotosyrithesis. 
The respiration of stained algae is not affected. . 

It has been suggested that the flat, two-dimensional construction is 
carried coiisec|iieiitl,y through the Avhoie. leaf, beginning Avith the blade, 
tliroiigh chloroplasts and graiia, down to the submicroscopical laminae— 
in the same A?ay in which the elongated, one-dimensional construction 
is carried tliroiigli the Avhole stem, through single fibers doAvii to the long- 
chain molecules of cellulose. HoAvever, the tAAm-dimension principle 
certain! A^ is absent from the ' structure of man}" algae, Avliose thalli are 
cylindrical rather than fiat. Similarly, the chromoplasts of many algae 
are hollow spheres, or amoeba-like bodies rather than fl.at discs or bands. 
It woiild be interesting to kiiOAv whether chromoplasts of this type also 
coiihiin laminae. Menke and Koyd! (1939) mentioned that the ciironio- 
plasts id biafwii and ixhI algae show. a positive double refraction; tliis may 
tlu‘ abseiH*e of laminar structure. 

;\l prcMail, wc‘ cannot be sure whether any of the structural units 
fibscrvcMl in pilot osyiit I lesi zing cells is indispensable for pliotosyiithc^sis. 
Cldorophids are abscait in blue-green algae; grana seem to be present in, 
plants (4' ail pliyla — including even the Cyanophyceae — but have been 
found missing in some spc^cies and indiAuduals. Lamina, Avhich, according 
to Afeiike, and Kausclie and Riiska, are more important structural units 
'tJian the grana, huA'e not yet been obserA-ed in the chromatoplasts of red 
and lirowii algae, not to speak of their probable absence in the chromato- 
plasm of blue algae and purple bacteria. 

Tfie existence in chloroplasts of proteinaceous and lipoid laminae, and 
(if a regular a:i*ra.y of lorig-sliaped, ether-soluble molecules Arhose axes are 
parallel to the plane of these laminae, was deduced by legitimate specii- 
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Rtion from experimental data. Hubert (1936) and Frey-Wyssling (1937^ 
1938) -went beyond this, and attempted to give a detailed picture of the 
irrangement of proteins, lipides and pigments in the chloroplasts. 
Siibert suggested that chlorophyll molecules are attached by their hydro- 
diilic porphiii ^'heads'' to the protein layers, while their lipophilic 
)hytol “tails’^ are associated with lipide molecules; the entirehr lipophilic 
carotenoids are aligned between the lipide molecules. The resulting 
Picture is shown in figure 46. For reasons described below (page 376), 



Fig. 46. — Hypothetical structure of chloroplasts according to Hubert. Rectangular 
tched bars represent hydrophilic groups, black bars — lipophilic groups; combination 
the two at right angles — chlorophyll molecules. The dumbbell-shaped structures 
'I’esent carotenoid molecules. Phospholipide molecules are indicated by the black 
gnet-shaped structure attached to a hatched ^liaiidle.” 

3 lipide molecules are assumed to form pairs (by mutual esterification); 
this way, a protein layer can alternate with a double pigment-iipide 
rer. Although the general character of the scheme of Hubert and 
i^.y~Wyssliiig appears plausible, its details are in no way proved and 
i eorrectness of some of them is doubtful. We shall return to its 
ticism on page 393 et seq. 

j B. Composition of the Chloroplasts* 

1. Separation and Total Quantity of Chioroplastic Matter 

The best known components of the chromoplasts are the pigments — 
\ Drophyll a, chlorophyll h, the phycobilins and the carotenoids. Their 
peiTies will be described in chapters 15-20 of this volume and 21-24 
Bibliogru]>hy, page 396. 
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of volume IL However, pigments represent only a fraction of the total 
dry matter of the chloroplasts, of the order of 5 or 10%, as we shall see 
later. Until 1938, not much attention was paid to the nature of the 
remaining 90“95%. Since then, however, several attempts have been 
made to carry out a quantitative separation and analysis of chloroplastic 
matter, by Chibnall (1924, 1939), Menke (1938^’2'®, 1940^»^), Granick 
(1938^- Mommaerts (1938, 1940), Neish (1939^’^), Krossing (1940), 
Bot (1942), Comar (1942), and Galston (1943), 

The first stage in the isolation of chloroplast matter is the grinding 
of leaves, either in distilled water or in a hypertonic, 0.5 molar sugar 
solution. The fractionation of the green suspension obtained in this 
way can be carried out b}^ different methods. The cell wall debris is 
removed by centrifugation. The remaining suspension contains the 
water-soluble components (originating in the cell sap, cytoplasm, and 
chloroplasts), whole or broken nuclei and chloroplasts, forming a more 
or less stable suspension, and the cytoplasm, in the form of a colloidal 
solution. Chibnall (1924, 1939) separated the chloroplastic matter 
(together with a small quantity of nuclear matter) from the cytoplasmic 
and vacuolar material by filtration through paper pulp. Menke (1938^), 
Granick (19380, Bot (1942), Comar (1942), and Galston (1943) used 
fractional centrifugation, in which nuclear, chloroplastic and cytoplasmic 
matter were precipitated in that order. Instead of utilizing differences 
in the size and density of the particles, as in the mechanical precipitation 
and filtration methods, the separation of chloroplastic matter from the 
cytoplasmic material can also be based on the larger content of the 
former in h 3 ^drophobic (lipoid) compounds, which causes it to be prefer- 
entially salted out. Menke (1938^) used fractional coagulation by 
ammonium sulfate, hydrochloric acid, or carbonic acid, while Neish 
(1939^) and Comar (1942) used calcium chloride. 

To check whether the composition of the /^chloroplastic matter,” 
separated by fractionation is identical with that of intact chloroplasts, 
Menke (19380 prepared by centrifugation, a small fraction (containing 
only 1-2% of the total chloroplastic material), consisting entirely of 
whole chloroplasts or large chloroplast fragments. He found in this ■ 
fraction 48% proteins and 37% ^iipides,” while the salted-out ^^cMoro- 
piast fraction” contained 56% protein and 32% “lipides.” Menke. 
concluded that as much as 15% of cytoplasmic matter was coprecipitafced 
b}^ ammonium sulfate with the ‘^chloroplastic matter,” and applied a 
corresponding correction to all anal^^ses, 

Aa micertain point in. .some of these fractionations is ■ the fate of the colorless 
stroma” of the chloroplasts. If by grinding the leaves one obtains whole ehloroplasts, 
or large fragments of these bodies, then the stroma must foEow the grana — certainly 
in centrifugation and probably in coagulation as well.- On the other hand, if the grinding 
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breaks the chloroplasts and releases the grana, then upon fractionation the stroma may 
follow either the grana or the cytoplasm, depending on its state of dispersion and the 
relative strength of its hydrophobic character. Since the stroma probably contains 
less hydrophobic material than the grana (c/. page 361), it may have a tendency to 
associate itself with the cytoplasm in fractional coagulation. 

This uncertainty casts some doubt on the published analytical data. Obviously, 
much depends on how the grinding was carried out. Neish (19390 asserted that 
grinding under water produces free grana (because chloroplasts swell and rupture in 
distilled water) , w^hile grinding in glucose solution keeps the chloroplasts intact, Granick, 
who used a 0.5 molar glucose solution, described his ^^chloroplastic matter’^ as con- 
sisting of whole and broken chloroplasts. Menke (19380, who carried out the grinding 
under water, nevertheless obtained a small fraction consisting of more or less intact 
chloroplasts (c/. Table 14:.IIIB). He had no doubts that the ‘^chloroplastic matter 
obtained by fractional coagulation included all constituents of the chloroplasts (together 
with 15% of the cytoplasm); while Mommaerts (1938) and Bot (1942) have asserted 
that they have obtained preparations which consisted entirely of free grana. However, 
the fact that the chlorophyll content of these allegedly pure grana fractions was not 
higher (and sometimes even lower) than the chlorophyll concentration in the chloro- 
plastic matter as a whole (c/. Table 14,X), supports the opinion of Menke (19400 that 
no separation of stroma and grana takes place in the fractionation. 

Determination of the total quantity of chloroplastic matter in the leaves 
can be carried out either directly j by weighing the fractions obtained 

Table 14.1 

Propoetion of Chloroplastic Matter in Green Leaves 
A. AFTER Menke 


Per cent of total dry weight of spinach leaves 


Method 

a 1 

Water , 
soluble 

6 

CeU 

walls 

c 

Chloroplastic 

matter® 

d 

Cytoplasmic 

matter 

c 


b + c + d 

By weighing (1938®) 

39 

26.5 

18 

16.5 

30 

By chlorophyll estimation 
(19401) 

— 

— 

14.5-18.4 

— 

— 


B. AFTER Neish 


Per cent chloroplastic matter in leaves dried at 60® G. in mcuo 


, Plant 


By photometric estimation of 

Av. 


weighing 

Chlorophyll | 

Carotene 

Xanthophyli 

Trif olium pratense (clover) 

22 

25-34 

26-32 

41-50 

33 

Arctium minm (burdock) 

11 

33 

34 

54 

33 

Onoclea sensibilis (iem) 

13 


37 

37 

. . 29, 

Elodea canadensis 
(water pest) 

31 

36 

17 

10 

24 


« Corrected for 15% coprecipitated cytoplasm; c/. page 369. 
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from a known quantity of leaves, or indirectly^ as in the method used by 
Neish (19390 and Menke (19400- They extracted' chkrophyll ,(or the 
carotenoids) from the flocculated ^‘chloroplastic fraction on the one 
hand, and from an equal mass of whole leaves on the other hand; knowing 
that ail pigments were originally associated wdth the chloroplasts, they 
calculated the total quantity of chloroplastic matter from a comparison 
of the concentration of the pigments in the two extracts. Table 14.1 
shows the results. 

According to Menkens data, the proportion of chloroplastic matter' in 
dry spinach leaves is 30% (if water-soluble components — carbohydrates, 
acids, salts, etc. — are excluded from the total). Since most of the 
solulDle compounds are contained in the vacuolar sap or in the cytoplasm, 
chloroplastic matter must constitute about 20% of the total dry weight 
of spinach leaves. Neislds figures are somewhat higher, 25 to 35% of 
the total dry weight. These results can be further compared with an 
estimate of the relative volume of the cytoplasm, the chloroplast, and 
the nucleus in a palisade cell of Tropaeolum majus made by Meyer (1917) 
on the basis of microscopic measurements. He found for the chloroplasts 
— an average volume of 9.4 average number in a cell, 54; average 
total volume, 508 for the nucleus — an average volume of 54 ju^; and 
for the cytoplasm — an average volume of 244 This corresponds to a 
volume ratio of 2 : 1 between the chloroplasts and the cytoplasm. 
Menkens value for the corresponding mass ratio in spinach leaves is closer 
to 1, while Chibnali (1939) gave a value of 2.3 (for the same species). 

2. Proteins and Lipoids in the Cytoplasm and the Chloroplasts 

The main constituents of the chloroplasts are proteins and “lipoids.^^ 
The latter term is used in a very wide sense, embracing all compounds 
soluble in ether or in an ether-alcohol mixture. It was previously 
assumed that chloroplasts are the main protein carriers in plants, since 
a statistical parallel was found between the size of the chloroplasts and 
the nitrogen content of the leaves. The correctness of this rule was, 
however, contested by Schumacher (1929); and the analytical data of 
Menke, Neisli, Bot, and Comar show that, while the chloroplasts contain, 
about 40-”50% protein, the cytoplasm is almost pure protein, so that 

Table 14.II 

Distsibutiom of.Peotehsts Between Spinach. Leaf Constituents (after Menke) 


Per cent of total Content of 

dry weight proteins, % 


Fraction 

Cell imlis 


Per cent of 
total protein 


26.5 


6 

90 

60 


6 

59 

35 
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only one-third to one-half the total leaf proteins are contained in the 
chloroplasts (one-half, if we assume Chibnall and Meyer’s ratio of 
chloroplasts : cytoplasm as 2 : 1 and one-third if we accept Menke’s 
ratio of 1 : 1). Granick (1938) and Galston (1943) found 30-40% of the 
nitrogen in tomato, tobacco, and oat leaves to be associated with the 


Table 14.III 

Pboteins and Lipoids in Diffeeent Parts of the Leaf 
A. AFTER Chibnall (1939) 


Analysis of spinach leaf 

Cytoplasmic matter 

Chloroplastic matter 

Proteins, % 

96.5 

39,6 

Lipoids, % 

1.9 

25.1 

Ash, % 

1.6 

16.9 

R,esidue, % ! 

— 

18.4 


B. AFTER MeNKE (1938) 


Portion of spinach leaf": 

Cell 

walls 

Cytoplasmic matter 

Chloroplastic matter 

Iso- 

lated 

chloro- 

plasts 



Precipitation with 

Precipitation with 



fvT n 1 -r - ,4* 

! Centri- 







Centri- 

Centri- 

XVL^vi^Ou- 01 tilOll * 

1 fnge 







fuge 

fuge 



(NH4)2S04 

HCl 

RiCOi 

: (NH )2S04 

HCl 

HaCOs 



'^Lipoids, % 





i 





Ether-soluble 


fo.l 

0.2 

0.4 

26. 

24 

24\ 



Ether-alcohol 

z.o 

\0.4 

0.1 

0.3 

1 ^ ' 

6 

6/ 

41 

47 

soluble^ 





1 





Proteins, % 

6 

92 

96 

85 

1 53 

58 

54 

48 

48 

Ash, % 

19 

7.5 

4 

3 

14 

13 

6 

18 

8 

Rest (includes 

73 



11 

— 


10 

4 

7 

carbohydrates), % 


■ 









c. AFTER Bgt (1942), Neish (1939), and Comar (1942) 


Species 

Chloroplastic matter 

Observer 

Proteins, % 

Lipoids, % 

Rest, % 

Ash, % 

Latyrus odoratus 

Bot 

33-50« 

18-30“ 

26-44“ 


Spimcia oleracea 

Bot 

42-54<^ 

26-32“ 

16-25“ 


TriJoUum pmtense 

Neish 

50 

22 



Omdea sensibilis 

Neish 

32 

7 



Spimcia oleracea 

Comar 

54 

34 


7. 


“Water-soluble fraction: organic matter, 57% (many flavones) ; inorganic, 43%. 
^ Contains cbloropbyii (mostly cblorophyll a). 

“Depending on age of plant and time of year. 
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cMoroplasts (in all growth periods). According - to Galston, this is 
equally true ot green and of chlorotic leaves. According to Granick’s 
analysis, 80% of the cliloroplast nitrogen is contained- in proteins, -7% 
in compounds soluble in trichloroacetic, acid (amino acids), 10% in 
chlorophyll (a very high value!) and 3% in alcohol-ether soluble com- 
pounds (nucleophosphatides?). Comar (1942) found 11% of total 
cliloroplast nitrogen in lipoids^’ (including the pigments), of which. less 
than one-third was a part of chlorophyll. 

Grallick^s figures indicate that between 24 and 32% of all spinach 
leaf proteins are contained in the chloroplasts; Hanson (1941) found a 
similar figure (36%) for Phalaris tuberosa, -Table 14.11 gives the more 
detailed results of Meiike (1938). Chibnall (1939) estimated that 
cytoplasm and chloroplasts contribute equal amounts to the total protein 
content of spinach leaves. 

The proportions of proteins and 'Tipoids’’ in different parts of the 
leaf are shown in table 14.III, -which includes the results of Chibnall, 
Meiike, Bot, Hanson, and Comar. 

Table 14.111 shows an approximate agreement bet'ween the data of 
Chibnall, Menke, Bot and Coniar on spinach leaves, and those of Bot 
on Latyrus and Neish on Trifolimn; the chloroplasts of all these species 
contain 35-55% proteins and 18-32% “lipoids.'^ The large chloroplasts 
of the sensitive fern, on the other hand, wdiich carry 8.4% starch, differ 
considerably in composition — they contain only 7% of ether-soluble 
materi.als. 

The study of the specific nature of the chloroplast proteins has hardly 
begun. An analysis of the amino acids residues, given by Chibnall 
(1939), is reproduced in table 14.IV. 


Table 14.IV 

Analysis of Spinach Leaves for Amino Acids (after Chibnall) 


Analysis 

Per cent of total protein nitrogen 

Cytoplasmic proteins 

CMoroplastic proteins 

Amide nitrogen 

0.6 

5.1 

Arginine 

14.1 

13.9 

Histidine 

2.2 

3.5 

Lysine 

6.2 

4.7 

Tyrosine 

2.7 

2.6 

Tryptophane 

1.7 

4.7 

Cystine 

1.4 

1.2 

Methionine 

1.3 

1.3 

Aspartic acid 

5.5 

5.8 

Glutamic, acid 

! 

6.5 

6.5 
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Foemula 14.1. 


Phosphatidic Acid 
OH 


Phosphoric 

add 


Glycerol 


=0 


Additional data on the composition of leaf proteins can be found in 
the investigations of Lugg (1938, 1939, 1940), Tristram (1939) and 
Smith and Wang (1941). According to Hanson, Barrien, and Wood 
(1941), the cliloroplast proteins are rich in sulfur (about 70% of total 
leaf protein sulfur being concentrated in the chloroplasts). 

Menke (1938) suggested that the thread-forming capacity of the 
chloroplasts, described by Kiister (1935), points to the presence of long- 
chain molecules. He found that 80% of the cliloroplast proteins are 
insoluble in water, hydrochloric acid and aqueous alkali; to extract them 
one must use 60% alcohol with 0.3% sodium hydroxide. This protein 
fraction is free of phosphorus. The small protein fraction which is 
soluble in water contains some phosphorus (nucleophosphatides?). 

Observations on the floccu- 
lation and electrophoresis of 
suspended chloroplastic material 
(Neish; Fishman and Moyer) in- 
dicate isoelectric points between 
3.7 and 4.7 (c/. page 386). 

The so-called ‘Tipoid fraction 
(the ether extract and the ether- 
alcohol extract) of chloroplastic 
matter contains the pigments 
(5-10% chlorophyll and 2-4% 
carotenoids; cf. Chapter 15, page 
411, for detailed data). The rest 
of this fraction may include fatty 
acids, aldehydes, fats, hydrocar- 
bons, phytosterols, and phospho- 
lipides. The latter are of special 
interest because of the important 
role which Hubert (1936) ascribed 
to them in the structure of the 
chloroplasts (c/. Fig. 46). 

Phospholipides are glycerides 
which diflFer from fats in that the 
glycerol is combined with only twQ '\ 
fatty acid radicals, the third hy- 
droxyl being esterified by phos- 
phoric acid (c/. Formula 14.1). 
The first investigations into the 
composition of the leaf lipoids 
have been carried out by Channon 
and Chibnall (1927), Chibnall and 


HO— P= 
I 

0 

1 

HC 


0 

CHj 

\ 




CRi 

I 

O 


CHs 

\ 


CH. 


Palmitic 

acid 


dEt 

\ 

CHj 
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CH, 


CH. 


/ 

CHs 
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CH. 


/ 

CHj 
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■CH. 


CHj 
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Table 14.V 

‘Lipoids” in Leaves (after Chibnall) 


Percentage of total ether extract 



Analysis 

Cabbage i 

Cocksfoot 



{Brassica oleracea) 

{Dadylu glomerata} 

i 'liloropliyll a 

•h h 

9.3 

19.0 

(hr< 


0.5 

0.9 

C t'lrotenois 


O.S 

1.75 

F.aily'acid gl} 

'cerides (fatsj 

17.5'^ 

38.0^ 

W ji xes 

: iiiisaponlliable i 

1 12.3 

23.3 

Sterols 

4.5 i 

3.0 

I haleierniijHM, 

. ‘ material : 

1 i , , 

! 13.3 i 

j 8.4 ' 

(’alciuii! phos 
Leeiiliiii 

phatidale^ i j.,, , 

‘ ! F,hospl)o- 

1 .!ipides4' 

1 1S.4 

i 0.9 

1 t 

Cepliulin 

; ' — ; 

i 1 0.6 


lodiiie valae unsaturation). 

'* Pfiofphatidlc ncid (J'onnwia 14.1) is the iiarent substance of lecithin and cephalin (lecithin, contains 
an eiioliue group bound to phosphoric a,cid). 

CoRi'idprabio suffered in fractionation. 

Gliaiiiioii (,1929) j and S,mit}i and Cii.ibnall ( 1932 ), and summarized by 
Chibnall (1939) in table 14.V. These data refer to leaves as a whole; but 
since, according to table 14. Ill, almost all leaf lipoids are concentrated 
in. the chloroplasts, they should be considered as valid also for the iso- 
lated chloropiast s . 

Table M.V shows that a considerable part of the lipoid fraction is 
fats of a highly iinsatiirated character; the proportion of pliospholipides 
is corisukd able in cabbage leaves, but comparatively small in cocksfoot. 
Aleiike 1194(9) and Bot (1942) also found onty a small amount of phos- 
pliolipiiles in the lipoid fi'action, of leaves (0.5”-l,5% of total dry weight 
of spinach h\a'\a')S, iif*cording to Menke). This shows how arbitrary is the 
specific picture of the iiriitein-chlorophyll-phospholipide association in 
the ch!n!*(ip!asis, suggested by Hubert and reproduced in figure 46. 

Prior to iiny direct analysis, the presence of i 

pbospliolipides in cliloruplnsts was deduced from J 

some qic'ilita.tive observations (c-f. Frey-Wysslkig 
1937,11138). Ill addition Uj stniinngOvith lipophilic 
dyes !'(/. page 301), w!'ii<th does not necessarily re- 

quire presence of true lipides, Frey-Wyssiing ■ ‘'’v. 

referred to i.lie formation of so-called myelin fig- I |T 

ures. Lecithin (and certain other compounds) have 

the pn>pei1y of swelling in water with the forma- ^ 

tion of peculiar protuberances (‘ailed “’myelin tubes."’ 

Weber (1933) and iXfenke 1 1934 i observed that similar Fio. 47. — yiyelin tubes growi,iig 
outgTowiiiS Cfaii be prodiK'ef,.! in eliloropksts (cf. fig, 47) from cliioroplasts (after Weber). 


Fio. 47. — M’yelin tubes growi,iig 
from cliioroplasts (after Weber). 
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altlioiigli only with the help of detergents such as sodium oleate, glycine, or urea. To 
explain the necessity for detergents, Frey-Wyssling suggested that the chloroplast 
lipides have no free hydroxyl groups. He assumed that their molecules are arranged 
in mutually esterifying pairs (as shown in Fig. 46). 

The occurrence in the chloroplasts of acetone-extractahle phosphorus may also be 
considered as an indication of the presence of phospholipides. The concentration of 
phosphorus in the diy matter of clover chloroplasts is, according to table 14.VI, ) 

about 0.7%. j 

3. The Chloroplast Ash 

Earlier analyses of the mineral components of green plant tissues, 
c. g., the analyses of Colin and Grandsire (1925), dealt with xvhole green 
leaves. Neish (1939) made the first attempt to analyze the ash of 
chloroplasts separately from that of the cytoplasm. His results are 
given in table 14, VI, together with those of Menke (1940^). 

According to Neish, the alkaline ions (and chlorine ions) are concen- 
trated in the cytoplasm and the cell sap; but Menke denied the absence 
of potassium in the chloroplasts, and attributed Neish^s results to losses 
incurred in the washing of the chloroplastic matter. He pointed to the 
immediate effect of potassium supply on the photosynthesis of potassium- 
starved algae (Chapter 13, page 336) as an evidence for the penetration ^ 
of potassium into the chloroplasts. According to Neish, the alkaline 
earth metals, including magnesium, are also more abundant outside than 
inside the chloroplasts. (This result has a bearing on the problem of 
the location of the alkaline earth carbonates, discussed in chapter 8.) 1 

According to Javillier and Goudchaulx (1940), the proportion of leaf mag- 
nesium concentrated in the chloroplasts can vary between 0.9% {Pinus 
maritima) and 26% (Triticuni vulgare). Even in chloroplasts, most of ’ 
the magnesium is extractable by trichloroacetic acid and is thus not a i 
part of chlorophyll. 

Phosphorus is slightly more abundant in the chloroplasts than in 
other parts of the leaf. A considerable part of phosphorus is extractable 
by acetone, and may be a component of phospholipides. According to 
Granick, 40% of the lipide-bound phosphorus of the leaves is found in 
the chloroplasts. 

Important is the accumulation of the heavy metals, iron and copper, 
in the chloroplasts, shown by table 14. VI. The presence of iron was 
first demonstrated by Moore (1914), who stained chloroplasts with 
hematoxylin (after having extracted chlorophyll by means of alcohol). 

The liematoxylin reaction is characteristic of simple iron salts, and is not 
given by complex organic compounds, e. g., hemiii derivatives. Noack 
(1930) found that 6% of leaf iron is soluble in w^ater and can be identified 
by means of potassium thiocyanate. Griessmeyer (1930) and Wieler 
(1938) observed that the proportion of water-soluble iron in leaves can 
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be increased by treatment with catalyst poisons (hydrocyanic acid or 
sulfur dioxide); the simultaneous increase in the intensity of the hema- 
toxylin staining of the chloroplasts indicated that these agents act on 
chloroplastic iron. (However, Noack's suggestion that only chloroplastic 
iron is affected by sulfur dioxide was proved to be incorrect by Wieler^s 
experiments on variegated leaves.) The mechanism of this ^'unveiling” 
(a term used by Wider) of iron in the leaves is unknown, but it must 
consist in the decomposition of complex organic iron compounds. Ac- 
cording to Wieler, insoluble organic’^ sulfur is also transformed into a 
soluble ^^inorganic” form simultaneously with the ‘^unveiling’’ of iron. 
Mineral acids and — more slowly— organic acids (e. p., glacial acetic acid 
or concentrated oxalic acid) also bring organic iron in the leaves into a 
soluble form. 

According to Wieler, the inorganic iron liberated by acids is in the 
divalent state when sulfur dioxide, nitric acid, or tartaric acid is used, 
and in the trivalent state in the case of other acids (sulfuric, hydrochloric, 
phosphoric, and acetic). In certain leaves, hydrochloric acid liberates 
both ferric and ferrous iron. 

According to Noack (1930) and Griessmeyer (1930), the proportion 
of noncomplex, soluble iron in- barley leaves can be increased from 6 to 
12% by sulfur dioxide and to 10% by cyanide. The same limit (12%) 
can be reached also by boiling the leaf powder. 

Hill and Lehmann (1941) found four times more iron in the chloro- 
plasts of Claytonia than in the leaf as a whole. The molecular ratio of 
iron : chlorophyll was between 1:4 and 1 : 10 in most plants. A large 
part of chloroplast iron reacts immediately with 2,2'-bipyridine (it is 
thus present in the form of free ferrous ions) ; another part reacts only 
after boiling with acids, and still another only after ashing. Noack and 
Liebich (1941) have determined iron in separated chloroplasts^ and in the 
chloroplastic matter (coagulated by ammonium sulfate or precipitated by 
centrifugation from a suspension of ground spinach leaves). The 
chloroplasts were found to contain as much as 82% of all leaf iron ( 0 . 05 % 
of dry weight, in agreement with Neish^s data in table 14. VI); the 
cytoplasm 5% ; and the water-soluble fraction 13 %. The nuclear matter 
and the cell walls were iron-free. About 18% of iron in spinach chloro- 
plasts was water-soluble, 32% could be extracted by 0.01 molar hydro- 
chloric acid (this was probably bound to phosphorus-free proteins), and 
the remaining 60%, which was not extractable with 0.01 molar hydro- 
chloric acid, was probably bound to nucleic acid or to phosphorylated 
proteins. The latter fraction, which must include also the hemin iron 
of different enzymes, proved to be more resistant to iron starvation than 
the more loosely bound 40%. The soluble iron is divalent and the in- 
soluble trivalent; the lipide fraction contains no iron. These results do 
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not quite agree with Neisli^s statement that 60% of the ehloroplast iron 
(from Trif&Uum pratense) is soluble in dilute (10%) acetic, acid. 

As to the ehloroplast copper ^ Neish (1939^) found that most of it 
(90“"100%) is insoluble in 10% acetic acid and is probably present in the 

form of organic coiiipIexe,s. 

4. The ehloroplast Enzymes 

III chapters 6^ 7, 8, and 10, we discussed the catalytic reactions in 
pliotosyniiliesis and found that the photosynthetic apparatus probably 
contains (at least) the following catalysts: (1) Ea^ a cyanide-sensitive 
t‘arboxy!ase (Franck's catalyst A/^ possibly located outside the chloro- 
phists); (:?) an enzymatic .system (including Franck’s ^‘catalyst B”) 
involved in the transformations which lead from the carbon dioxide- 
acceptor complex to carbohydrates (mutases, oxidoreductases, polymer- 
izing enz 5 a:nes), part of which system is specifically a'ffected by dinitro- 
plieiiol; and (S) an enzy,matic system involved in the conversion of the 
primary photochemical oxidation product into free oxygen (.Franck’s 
'^‘catalyst C”). The latter system includes (at least) two enzymes 
which, in several of our schemes in chapter 7, have been designated by 
Ec and Eo^ respectively. Both these catalysts appear to be specifically 
affected by hydroxylamine and o-phenanthroline. 

What is known empirically about the enzymes in green plant cells 
has not much relation to these hypothetical catalysts. The available 
evidence deals with the well-knowm enzymes like catalase, carbonic 
aiihydrase, phosphorylase, amylase, maltase, and invertase, which either 
have no relation to the synthesis of carbohydrates at all, or intervene 
only ill its ulti.mate stages (formation and deco.mposition of sucrose and 
starch). The occurrence of carboli 3 rdrate-transforming enzymes in green 
leaves was briefi,y discussed in chapter 3. Here, we shall add a few data 
on otljcr enz,ymes, taken mainl.y from the work of Neish (1939) and 
Krossing (1940) on separated cliioroplastic matter. 

(a) Catalase and Peroxidase 

Catalase, the ■ enzyme which causes the dismutation of hydrogen 
peroxide, is found in both colorless and green plant organs. The relation 
between photosynthesis and catalase activity was discussed in chapter 11 
(page 284), Neish (1939^) has measured the catalatic activity of sepa- 
rated ehloroplast matter and compared it with that of w^hole mashed 
leaves (Table 14. VII). According to this table, all the catalase of green 
.leaves is concentrated in the chloroplasts. Krossing (1940) on the other 
hand, found catalase both in the chloroplasts and in the cytoplasm. 

The efficien.cy of catalase is about 10® moles hydrogen peroxide decomposed per 
sec., per gram atom iron. The liberation of 12 mm.® oxygen per 2 mia, per 1 mg. chloro- 
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Table 14.VII 

Catalatic Activity of Leaves (apteb Neish) 


Sample 

O 2 released by 1 mg. material in 2 min. 
from 0.01 M H 2 O 2 at 27® C., mm.® 

TrifoUum pratense 

Arctiwn minus 

Onoclea sensiUle 

Chioroplasts 

7.1 

12.1 

13.6 

Whole leaves 

1.8 

3.8 

4.8 . 

Proportion of total activity concen- 
trated in the chioroplasts j % 

107 

112 

105 


plast matter thus requires the presence of only 2.5 X lO””® g. catalase iron in 1 g. chloro- 
plast matter. Since the content of iron in 1 g. dry chloroplast matter is from 3 X 10"'^ 
{Trifolium pratense) to 2.5 X g. {Elodea canadensis) ^ an infinitesimal part of the 
available iron is sufficient to build up the amount of catalase revealed by these ex- 
periments. 

Peroxidase is present, according to Krossing (1940), mainly in the 
water-soluble fraction of green leaves. Liibimenko (1928) postulated a 
relation between the peroxidase activity of leaves and the formation and 
decomposition of chlorophyll (c/. Chapter 15, page 431). 

(6) Carbonic Anhydrase 

Carbonic anhydrase catalyzes the hydration and dehydration of 
carbon dioxide (page 176). Burr (1936) and Mommaerts (1940) found 
no carbonic anhydrase in mashed leaves. Burr explained its absence by 
the fact that all respiring plant cells are directly exposed to air, and that 
therefore no necessity exists for an artificial increase in the velocity of 
the carbon dioxide exchange between liquid and gas (this necessity arises 
in the respiratory organs of animals, where carbon dioxide collected from 
the whole body must be exchanged through a small surface). Neish 
(1939^), on the other hand, observed a certain carbonic anhydrase 
activity in separated chloroplastic matter and (to a lesser extent) also 
in the cytoplasm, as shown by table 14. VIIL 

{c) Chlorophyllase 

This enzyme was discovered by Willstatter and Stoll (1913) ; it is an 
esterase which catalyzes the exchange of phytyl for other alkyl radicals, 
6. g., methyl or ethyl. In solutions which contain water, hydrolysis of 
phytyl chlorophyllide may occur, leading to the corresponding mono- 
carboxylic acid (chlorophyllin). The enzyme is present in leaves; the 
observation that alcoholic extracts of leaves left standing in contact with 
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Table 14VIII 

Cabbonic Anhybbase in Leaves (apteb Neish) 


Sample 

COi released in 30 sec. by 1 mg. dry tissue at 27® C., mm.* 

Trifolium pratense 

Arctium minus 

OnocUa smsihile 

Chloroplasts 

14 

58 

60 

Whole leaves 

15 

25 

38 

Proportimi of total activity in the 

24 

78 

48 

chloroplasts^ % 





the leaf pulp gracliially loose their phytol led to its discovery. When 
leaves rich in cjhloropliyUase (for example, those of Heracleum spondylium) 
arc3 kept in aqueous methyl alcohol for several hours, chlorophyll is 
converted into methyl chlorophyliide, which forms crystaline aggregates 
ill the cells (Borodiiils and Monteverde\s ^^crystalline chlorophyll'). 

Grass, nettle, and certain other plants are poor in chloropliyllase, and 
are therefore particularly suitable for the extraction of intact chlorophyll. 

The enzyme can be used both for the preparation of alkyl cliloro- 
phyllides from chlorophyll and for the reverse reaction, the synthesis of 
chlorophyll from alkyl chlorophyliide (or free chloroph 3 dlin) and phytol 
(Willstatter and Stoll 1913; Fischer and Schmidt 1935). 

Meyer (1930) studied clilorophyllase in Noack’s laboratory. His enzyme prepara- 
tions were made by extracting chlorophyll with dry acetone from centrifuged chlorophyll- 
protein precipitates. The remaining colorless material was used for the hydrolysis of 
chlorophyll and its derivatives in buffered aqueous acetone solutions of known pH. 
An optinmm of activity was found at pH 6. The enzyme acts equally strong on chloro- 
phyll and on phcophytin, but about four times more slowly on allomerized chlorophyll. 
Pure ttlilon^phyll a is hydrolyzed 18 times more quickly than the pure b component. 

Prcparjitioijs which arc liberated from electrolytes by protracted washing lose the 
greater part of tlah* activity, which can be restored by the addition of salts, e. g., lithium 
cld(irid(% potassifuii chloride, cupric chloride, iron lactate, etc. Ferrous salts have an 
c?fF(r*l. in a dilution of 0.001 mole per liter. Addition of potassium cyanide to 
elcc.ti'olYte-coritaining preparations has no effect; but its addition to preparations from 
wliicli salts have been removed by washing causes a complete loss of activity. The 
enzyme is resistant to absolute alcohol, even when hot, and to hydrochloric acid, but, 
is easi].y deactivated by ammonia. 

Meyer gives tables of the relative chloropliyllase content of different 
plants, as well as its variations with age, season, etc. The preparation 
of the enzyme from Noack's ^^chloroplast matter" precipitates (cf. also, 
Krossing 1940) indicate its presence in the chloroplasts; but white parts 
of , variegated leaves, and even certain roots, also contain chlorophyllase. 
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C. Pigments in the Ghloroplasts 

L Association of Pigments with Proteins and Lipoids in the Ceil 

The composition of the chloroplast pigment system and the properties 
of the single pigments will be discussed in chapters 15 to 20 and in 
chapters 21 to 24 of volume 11. In the present chapter, we shall deal 
only with the state of the pigments in the chloroplasts and their relation 
to proteins and lipoids. 

A chloroplast is perhaps one-half water (no exact data on water 
content appear to be available; cf. Menke 1938), the other half consisting 
of 50% protein, 30% ‘Tipoids” {i, e., ether- or ether-alcohol soluble 
compounds) and up to 10% pigments. The concentration of matter in 
the chloroplasts is so high that each pigment molecule is continually in 
interaction with several neighbors. The problem arises whether this 
interaction leads to associations of a more or less permanent nature and, 
if so, whether these associations occur in stoichiometric proportions, or 
are more in the nature of “adsorptions” — a variable number of smaller 
molecules being bound by one larger molecule or attached to a colloidal 
interface. 

Chlorophyll molecules are similar to tadpoles, with a flat, slightly 
hydrophilic head (porphine nucleus) and a hydrophobic tail (phytol 
chain). The “head” may have the tendency to associate itself with 
protein molecules; the “tail” may have an affinity for other paraffin 
chains and thus tend to associate itself with other hydrophobic “lipoid” 
molecules. The carotenoid molecules are all tail and no head; they are 
either completely nonpolar (carotenes) or slightly polar (carotenols). 
Their strongest tendency is for association with lipides, which is why 
they are often designated as “lipochromes” — although the carotenols are 
occasionally also found in association with proteins. The phycohilin 
molecules are all head and no tail; their tendency for association with 
proteins can therefore assert itself without interference by the lipides; 
they belong to the class of “chromoproteids.” The result of these 
gradations in polarity is that of all plastidic pigments only the phycobilins 
can be dissolved directly from the cells by water, forming a colloidal 
pigment-protein solution, and are not extracted from the latter by or- 
ganic solvents. 

The behavior of chlorophyll in the living cell is much more complex. 
Grinding of leaves with pure water produces a green suspension, consisting 
of broken cells, chloroplasts, or single grana, which is more or less stable 
depending on the grinding procedure and the species, but does not 
represent a true colloidal solution. The particles in the suspension are 
comparatively large and nonuniform and contain proteins, lipoids, and 
Bibliography, page 397, 
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pigments. ' Probably they are kept floating by the hydrophilic properties 
of the .proteins. Dilution with organic solvents breaks the pigment- 
protein link, denatures and precipitates the proteins, and dissolves the 
chlorophyll and the carotenoids. 

Pure organic solvents— e. g., ether, water-free acetone, or alcohol- 
do not dissolve chlorophyll from the leaves. ' One could suggest that the 
solvcnits are unable to break the pigment-protein link so long as no 
water is present to take care of the proteins. However, the immersion 
of leaves into ether causes a shift in the position of the absorption bands 
and an increase in fluorescence, which seems to indicate that the pigment 
has libeivated from the protein complex and has passed into a lipoid 
plntse. What forces still prevent it from diffusing from the cells into 
ether is not imnmdiately clear. 

The only efficient way to extract chlorophyll and other pigments from 
the cells is by using aqueous organic solvents^ water disintegrating the 
proteinaceous fraction of the chloroplast structure, and the organic sol- 
vent taking care of the lipoid fraction, including the pigments. . Once 
separated from the cell structure, the pigments become easily soluble in 
pure organic solvent-s. 

Several other observations speak for the association of chlorophyll 
with some “carrier” in the cell. One is the position of its absorption 
bands, which are shifted 10-20 mix towards longer waves relative to 
their position in solution (qf. Vol. II, Chapter 22); e, g,, the main absorp- 
tion peak in the red is situated at 675-680 mg in the living cells, as 
against 660-670 m/x in organic solvents. The fluorescence band also is 
shifted towards the red (cf. Vol. II, Chapter 24), and the fluorescence is 
at least ten times weaker than that of dissolved chlorophyll. The ab- 
sorption bands of the carotenoids are shifted even more strongly than 
those of chlorophyll (r/., for example, Menke 1940). 

Chlorophyll in tlie living ceil is much less sensitive to acids than is 
chlorophyll in solution. (According to liilpert, Hofmeier, and Wolner 
1931, it is more sensitive to cold dilute alkali.) It is also much more 
resistant to bleaching (photoxidation or photoreduction; cfl Chapter 19, 
page 537). This stability, too, points to the protective action of a 
“carrier,” probably a protein. Inman and Crowell (1939) found that 
trypsin causes the conversion of chlorophyll in the cells into pheophytin, 
and suggested that magnesium serves as a link between chlorophyll and 
protein. ZirMe (1926) found that proteins in etiolated chloroplasts are 
easily digested by enzymes, while those in green chloroplasts are more 
resistant; thus while chlorophyll is protected chemically by. the proteins, 
the proteins are protected by chlorophyll. 

.When leaves are put into ether,, or cooled by liquid air, or boiled in 
water, the absorption band .is shifted toward its position in true solution, 
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thus indicating the probable decomposition of the protein-chlorophyll 
complex (Willstatter and Stoll 1918; Seybold and Egle 1940). Chloro- 
phyll in leaves killed in this way is much more sensitive to oxygen and 
acids than it was before killing. 

It thus seems certain that chlorophyll (and the other chloroplast 
pigments) are associated, in the living cell, with the cell proteins, and 
probably also with some lipophilic compounds. We now ask: is this an 
association in stoichiometric proportions; and does it involve uniformly 
all the chlorophyll contained in the cell? 

That the association of porphine derivatives with proteins can lead 
to the formation of stoichiometric compounds is well known from the 
example of hemoglobin and cytochrome, in which one porphyrin molecule 
is associated with one so-called ^^Svedberg unit” of protein (molecular 
weight ^ 17,000). Whether an association with lipides, which is 
produced by nonpolar, van der Waals^ forces, also can result in stoichio- 
metric relations is less certain. 

As early as 1886, Reinke speculated that chlorophyll (and the yellow 
pigments) may be bound to proteins in the leaf in the same way as 
hemin is bound to globin in hemoglobin. Since then, it has become 
evident that most biological catalysts (enzymes) consist of similar 
combinations of a protein ^'carrier” with an active (“prosthetic”) 
molecule. Since chlorophyll may be considered as an enzyme which 
becomes active in light, the hypothesis that it has a similar “chromo- 
proteic” constitution appears natural. However, this hypothesis still 
lacks definite confirmation. Many different chlorophyll-protein suspen- 
sions and colloidal solutions have been prepared, both by disintegration 
of plant material and by the interaction of pure pigment with proteins 
in vitro; but none had a simple and reproducible composition similar to 
that of hemoglobin or cytochrome. Difficulties have been encountered 
also in reproducing in chlorophyll-protein complexes the two above- 
mentioned properties of “natural” chlorophyll — the position of its 
absorption band and its fluorescence. 

2, Pigment-Protein Suspensions and Solutions 

The preparation of green aqueous extracts from leaves was fi.rst 
described by Herlitzka in 1912. He obtained them by the grinding of 
spinach leaves, and described them as possessing the unchanged spectral 
properties of chlorophyll in the leaves. Lubimenko (1921, 1927) found 
that certain species, e. y., Aspidistra ctoior and are particularly 

suitable for extraction by water, and give stable clear ^^solutions” which 
are not precipitated by centrifugation. The spectrum of these solutions 
was “identical with that of the leaf”; they were stable in sunlight; and 
acetone or alcohol precipitated from them the protein-chlorophyll 
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compleXj and then dissolved the chlorophyll from the precipitate. Similar 
extracts prepared from other plants were turbid and unstable. 

■ Liibimenko found that the aqueous complex contained not, only the 
chlorophyll but also the carotenoids of the leaves, and considered it as a, 
chemical compound which he called ‘^natural chlorophyll.'' 

Noack (1927) also prepared a green extract by centrifuging triturates 
of different leaves. These extracts were fluorescent, decomposed upon 
I heating above 70° C., and were precipitated by heavy metal salts and 

amiiioniiim sulfate. 

! Price and Wyckoff (1938) and Loring, Osborne, and Wyckoff (1938) 

obtained green aqueous solutions by the centrifugation of press juices 
of ciicuiiiber and green pea leaves. The colored protein particles were 
very lieavy (molecular weight 500,000, judging by the high velocity 
of their precipitation in the iiltracentrifuge). 

Stoll and Wiedemann (1938) prepared green aqueous exti-acts from 
spinach, nettle, wheat, .rye, grass, sunflower, and many other plants, by 
I grinding them at low temperature in distilled water, avoiding contact 

I with metal. Suspensions prepared from different leaves were similar, 

I and resembled living leaves in respect to spectrum, fluorescence, and 

j stability to light, oxygen, and carbonic acid. They could be freed by 

f centrifuging from larger cell fragments, and, by twice-repeated salting 

i out with ammonium sulfate, from different colorless and browm, water- 
soluble admixtures. At 0° C., not much substance was lost by de- 
naturation in the course of this purification. A final purification was 
{! carried out by precipitation of the colored protein in a high-speed centri- 

fuge (45,000 r.p.iii.), and dialysis through a cellophane membrane into 
5 distilled ivater. The product w^as designated by Stoll and Wiedemann 

I ,as ^^chioroplastiii.” 

j The green colloidal Absolution" of chloroplastin, obtained by re- 

I suspending the purified product in distilled water, remains stable for 

r , months at pH 7.2““7.4, and, 0.2° C. It is denatured by changes in pH, 
drying, or war.ming.' Light and air do not affect it — an illumination of 
I 40,000 lux for 25 hours in contact with air caused no damage, although 

this treatment -would have destroyed completely any molecular or 
colloidal solution of chlorophyll No particles can be detected in chloro- 
plastin suspensions under the microscope, even with powerful immersion 
systems. In the ultramicroscope, the solutions sometimes , appear 
optically empty, but sometimes shoW' particles engaged in .a lively 
Brownian motion. Stoll and Wiedemann considered these particles as 
accidental agglomerations of the invisible chloroplastin molecules." 
Shaking, with ether does not extract chlorophyll from -these suspensions, 
unless salts are added (the chloroplastin complex is easily broken by 
j salts, .for example, sodium chloride). The purified, resuspended chloro- 
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plastin contained about 80% protein, 10-20% lipoids, and 5% pigments 
(including chlorophyll a, chlorophyll 5, carotene, and the carotenols, 
in the same proportion as in the intact leaves). 

Preparations similar to those of Stoll and Wiedemann were obtained 
by many other investigators. Katz and Wassink (1939) prepared them 
by grinding unicellular green and blue algae (Chlorella and Oscillatoria), 
Cataphoresis experiments showed that the particles of these suspensions 
were negatively charged; they became positive in 0.002 normal hydro- 
chloric acid. The isoelectric point was at or near 3.7 (confirmed by 
Neish 1939). Fishman and Moyer (1942) studied the electrophoresis of 
suspensions obtained by grinding of Aspidistra elatior and Phaseolus 
vulgaris leaves. In agreement with the results of Stoll and Wiedemann, 
they were found to be fluorescent and photostable, but temperature- 
sensitive. The Brownian motion of the particles was clearly visible in 
the dark field, and they were large enough to observe electrophoresis. 
They were negatively charged. The isoelectric point was at pH 4.7 for 
the suspension from Phaseolus (as against pH 4.22 for the cytoplasmic 
proteins from the same source) ; that of Aspidistra was at a much lower 
pH (^ 3.9). Moyer and Fishman (1943) found that the isoelectric 
points of chloroplastic suspensions from ten species of legumes varied 
between 4.6 and 5.0. 

Lubimenko, and Stoll and Wiedemann, had a tendency to stress the 
^^molecular” character of the protein-pigment complex: it was asserted 
by them to be uniform in composition, and the size of its particles below 
the limit of ultramicroscopic visibility, except for cases of agglomeration. 
However, the observation of Fishman and Moj^er that the particles are 
generally visible in the dark field, and the fact — confirmed by Stoll and 
Wiedemann— that they can be precipitated in an ordinary high-speed 
centrifuge, places their size well above that of the largest known protein 
molecules. Anson (1941) recalled the assertion of Lubimenko that 
stable solutions can be obtained only with leaves of certain species, and 
used one of them (Funkia) for his experiments; but he obtained merely 
an opalescent suspension which was completely sedimented at 20,000 
r.p.m. — that is, a suspension whose particles were much larger than the 
gigantic molecules of the tobacco mosaic virus. 

The conclusion that the '^chloroplastin solutions” obtained by the 
grinding of leaves in distilled water are merely suspensions of particles of 
comparatively large and nonuniform size was reached also by Smith 
(1938, 1940, 1941), who studied the effect of different detergents on 
extracts from /Spmacfa and Aspidistra^ and found that solutions” 
obtained directly by grinding leaves under water produce no sharp sedi- 
mentation boundary in the ultracentrifuge, and are usually large enough 
to cause turbidity. (This applies also to preparations made from 
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Aspidisira.haves^ recommended by Lubimenko.) After separation from 
the dissolved cytoplasmic proteins (by centrifugation or filtration through 
paper piilp)j the green chloroplast matter was resuspended by Smith in 
pure water. It was precipitated by heating above 60® C. or by add- 
ing half-saturated amnioniiim sulfate, and, coagulated by dilute acids 
(pH 4.5), The latter do not convert the chlorophyll in these suspensions 
into p,heophytin (as they, would in absence of the protein), so that the 
acid pref 3 ipitate gives a pure green solution upon resuspension. However, 
it cannot be resuspended in pure water, but only in dilute alkali (pH 9). 
The absorption spectrum of the suspension (reproduced in Vol. II, Chap- 
ter 21) was similar to that of the living leaf. Smith called his prepara- 
tions ^Tioiiiiiiorescent/^ while Noack (1927), Stoll and Wiedemann (1938), 
and Fishman and Moyer (1942) have described similar suspensions as 
weakly fluorescent.” .. 

Smithis turbid chloropIi 3 dl-protein suspensions were clarified instan- 
taneously b.y various detergents (digitoniii, sodium dodecyl sulfate, so- 
dium desox^mJiolate or bile salts) and thus probably converted into true 
macromoleciilar solutions. (The detergents have the same effect on 
colloidal solutions of pure chlorophyll.) The clarified solutions have 
been studied b}?' Smith and Pickels (1940, 1941) by means of the ultra- 
centrifuge. Their properties depend on the nature of the detergent - 
Digitonin (as well as sodium desoxycholate and bile salts) splits the 
pigment from the protein; the pigments sediment together with the 
digitonin micelles; while the pigment-free protein forms another bound- 
ary, corresponding to a sedimentation constant of 13.5 X 10“^^ and a 
molecular weight (calculated from Stokes^ law) of approximately 265,000 
(that is, about one-half of Wyckoff’s value). Sodium dodecyl sulfate, 
on. the other hand, leaves the pigment attached to the protein, but 
splits the latter into smaller units. Furthermore, in acid solution, 
chlorophyll becomes converted into pheophytin, showing that dodecyl 
sulfate destroys the protection which magnesium enjoys in the natural 
cbloroplastiii complex, even tlioug.h large fractions of the original protein 
luoleciile reiiiaiii attached to the pigment. 

The absorption spectrum of the colloidal chlorophyll solutions clarified 
by detergents remains sim.ilar to that of the living cell (except in the far 
red; cf. Chapter 21, Yol. II). They are nonfluorescent. 

All these experiments, wdiile confirming the association of chlorophyll 
with the chloroplast proteins, do not prove the existence of a chlorophyll- 
protein compound of a constant stoichiometric composition, . comparable 
to, hemoglobin. Determinations of the average chlorophyll-protein mass 
ratio in chloroplasts (cf, page 389 et seq.) prove that there is not enough 
protein available to provide each chlorophyll molecule with a “protein 
unit,’^ of the same size as in hemoglobin. 
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Differences between the absorption spectra of different leaves have 
led Lubimenko (1927) to believe that they contain slightly different— 
perhaps isomeric— green pigments; however, many of these variations 
may be caused by scattering and by varying proportions of components 
a and b (Chapter 23, VoL II). If, however, it should be proved that 
genuine spectroscopic differences exist between the green cells of different 
species, one should think first of association with different proteins 
(rather than variations in the structure of the pigment molecule). This 
view is supported by observations on the spectrum of bacteriochlorophyll- 
protein extracts (cf. Chapter 22, Tol. II) and on the isoelectric points of 
suspended chloroplast matter from different plants (cf. above, page 386), 

Mention should be made here of attempts to prepare artificial protein- 
chlorophyll complexes from chlorophyll solutions in organic solvents. 
Eisler and Portheim (1922) precipitated chlorophyll from alcoholic 
extracts with horse serum. The green precipitate was water-soluble; 
its spectrum was described as ^‘similar to that of chlorophyll in the 
leaves/' It was slightly fluorescent (according to Eisler and Portheim 
1923, it was even photosynthetically active!). Noack (1927) adsorbed 
chlorophyll on proteins (albumin, casein, legumin, hordenin, and clupein 
sulfate), and on peptones. Some of these precipitates were weakly 
fluorescent, but Seybold and Egle (1940), who repeated Noack's experi- 
ments, suspected that their fluorescence was a sign of the presence of 
lipoid impurities {cf. Chapter 24, Vol. II). 

In all of Smith's experiments (1940-1941), the carotenoids apparently 
followed chlorophyll, thus supporting Lubimenko's view that the natural 
complex (^^chlorophylle naturelle") contains not only chlorophyll and 
protein but also the yellow pigments. However, Lubimenko's contention 
that the carotenoids do not exist as such in the natural state (because 
their absorption peaks are absent in the leaf spectrum) must be rejected. 
Not only is it a priori implausible, but the absorption maxima of the 
carotenoids actually can be recognized in many absorption curves of 
green leaves and algae, and particularly clearly in those of purple bac- 
teria {cf. numerous figures in Chapter 22, Vol. II). 

The association of bacteriochlorophyll in purple bacteria with proteins 
has been proved by experiments similar to those described above for 
the higher plants. Levy, Tessier, and Wurmser (1925) obtained aqueous 
extracts of a colored protein by grinding purple bacteria {Chromatium ) ; 
while French (1938, 1940) used ultrasonic waves to break the bacteria 
{Streptococcus varianSj Rhodospirillum rubrum^ Rhodombrioy md Phaeo- 
monas) and to release their cell content. The mixture obtained in this 
way was separated by centrifugation from cell fragments, and a clear 
colloidal solution remained which contained both the bacteriochlorophyll 
and the bacterial carotenoids, together with the proteins. The absorp- 
tion spectrum of the extract was very similar to that of intact bacteria. 
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Wassinkj Katz, and Dorrestein (1939) made extensiye , spectroscopic 
investigations of colored colloidal extracts obtained by grinding purple 
bacteria , and Athiorhodoceae) (cf. Chapter '21, ¥ol. II). 

The spectiTiiii of a suspension in egg albumen, in particular, was found 
to be practically identical with. that of intact bacteria. 

Whereas the spectra of . alcoholic solutions of, bacteriochloropliyll 
were identical for all strains, the spectra of intact cells and of colloidal 
proteiii'^pigment solutions varied considerably from strain to strain. In 
solution, bacteriochloropliyll has only one absorption peak in the infrared, 
but the cell suspensions and colloidal extracts showed two such peaks, 
with iiiiiiips indicating additional bands. This can be interpreted as 
evidence of complex formation by one and the same pigment with several 
different proteins. 

3. The Chlorophyll-Protein Ratio 

On the strength, of the experiments described in the preceding section, 
manjr authors have assumed the existence of ' a chlorophyll-protein 
compound in the cliloroplast as definitely established, and have suggested 
different names for it. Mestre (1930) proposed the name phyllochlorin, 
which is, however pre-empted for a compound of the chlorin class. As 
mentioned on page 385, Stoll (1936) introduced the name chloroplastin^ 
while French (1940) preferred photosynthin, because chloroplastin suggests 
a limitation to chioroplast-bearing plants, with the exclusion of algae 
and bacteria. Perhaps chloroglohin (or chromoglohin) would be a better 
name because of its analogy with hemoglobin. 

However, before any such name is adopted, a proof of constant and 
reproducible size and composition of the chlorophyll-protein complex 
appears desirable. As we have mentioned in the preceding section, 
the size^ of the protein-lip oid-pigmeiit particles prepared by the disinte- 
gration of the chloroplasts in water varies widely from experiment ' to 
experiment. We shall ,iiow consider the coniposiiion of these particles, 
particularly their chlorophyll-protein ratio. Smith (1941) sug,gested 
that three molecules of chlorophyll a and one molecule of chlorophyll 6 
are associated with one Svedberg unit of protein (molecular . weight 
17,000) in leaf extracts (prior to their clarification^’ by detergents). 
This conclusion was based on analyses showing 16.3 g. chlorophyll per 
100, g. protein in the chloroplastic matter from Spmacia and 15..5~16.5 
g. per .100 g. protein in that from Aspidistra, and on the fact (of. Chapter 
15) that the average ratio [a] : [b] in the higher plants is close to,. 3, 
.'Hmvever, very different chlorophyll-protein ratios have, been. found by 
other, observers, and the ,[a] : [b] ratio also can vary widely (the b 
component being altogether absent in most algae; cf, page 405). . 
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Table 14JX 


Chlorophyll-Protein Ratio in the Chloboplasts 



Source 

Preparation 

Mass ratio 

Molecular ratio® 

Author 

Chi: 

protein 

1 Chloro- 
. plasts 

Grana 

Granick 

(1938) 

Mommaerts 

(1938) 

Tomato, tobacco 

Chloroplasts 

0.33 

5.5 

22 

Clover, spinach, 
etc. 

Free grana (?) 

0.053 

— 

0.9 

Menke 

(19382) 

Neish 

(19392) 

Spinach 

Chloroplasts 

(0.11)^ 

(2) 

(8) 

Clover, burdock, 
fern, Elodea 
Spinach, Aspidis- 
tra 

Sudan grass 

Free grana (?) 

(0.06)*' 

— 

(1) 

Smith 

(1940) 

Hanson, Bar- 
rien, Wood 
(1941) 

Bot 

(1942) 

Chloroplastic 

matter 

Chloroplastic 

matter 

0.16 

3 

5-10" 

12 

Spinach, Latyrus 
odoraius 

Grana (?) 

0.07- 

0.15^* 

1-3 

4-12 

French ! 

(1940) 1 

Purple bacteria 

Colloidal pigment- 
protein extract 

0.0005 

0.08 


« Molecules chlorophyll per Svedberg unit of protein (molecular weight 17,000). 

^ Calculated by assuming 1 % chlorophyll in total dry matter. 

« About 10 in young leaves; about 5 in old leaves. 

Depending on age and season. 

Table 14. IX shows the results of the determination of the ratio 
of protein to chlorophyll in the chloroplastic matter by different ob- 
servers. The last two columns give the number of chlorophyll molecules 
for each Svedberg unit of protein. The results disagree considerably. 
The values which are supposed to apply to chloroplasts as a whole are 
higher (instead of lower) than those purported to represent the compo- 
sition of the grana alone. If we believe the conclusions of Mommaerts 
and Neish, each chlorophyll molecule in the grana could be associated 
with an individual protein unit (as in hemoglobin and cytochrome c). 
If Menke, Granick, Bot and Hanson are right, there is not even enough 
protein in the whole chloroplast to provide each chlorophyll molecule 
with its own protein ^^unit.” 

All independent estimate of the ratio of chlorophyll to protein can be 
obtained from microphotographs which show that not more than 20% 
of the total leaf volume is taken up by chloroplasts; Menkens value (18% 
chloroplast matter in the leaf) may be near the truth. According to 
figure 39 (and similar pictures found elsewhere in the literature), not 
more than 30-40% of the chloroplast volume is taken up by grana 
(100 grana with a diameter of 0.5 must occupy about 5 in an average 
chloroplast whose total volume is 20 /x®) ; thus, the grana should contain 
not more than 10% of the total material of the leaf. This makes it 
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improbable that the 30-40% of the dry material of leaves which consti- 
tuted Neislfs ''cMoroplast fraction'' could represent free grana. To 
justify the opposite point of view, Mommaerts (1938) and Hanson, 
Meeiise, Mommaerts, and Baas-Becking (1938) spoke of chloroplasts 
tightly packed with grana," and identified the volume of the grana with 
the total volume of the chloroplast — an assumption which defies the 
evidence of microphotography. 

According to page 411, the chlorophyll content of a single chloroplast 
of Mmvm is of the order of 2.5 X 10“^^ gram. Assuming that this 
chloroplast has a volume of 40 and contains 2 X 10"^^ g. dry matter, 
of which 1 X 10“"^^' g. is protein, the mass ratio of chlorophyll : protein 
becomes 0.25, in approximate agreement with the figures of Granick, 
Siiiith and Bot in table 14. IX, 

The outcome of this discussion is: first, that although the association 
of chlorophyll with proteins in chloroplasts is highly probable, the 
existence of a chlorophyll-protein complex of uniform composition is not 
proved by experiments; and second, that the chlorophyll : protein ratio 
in the grana is at least four times larger than in hemoglobin or cyto- 
chrome. 

The values for the protein : chlorophyll ratio in table 14. IX may 
have to be further increased if one assumes (as suggested on page 361) 
that the concentration of lipoids in the grana is higher (and that of the 
proteins correspondingly^ lower) than in the stroma. In fact, there is 
enough lipoid material in most chloroplasts to fill the grana completely, 
thus increasing the chlorophyll : protein ratio in the grana to infinity. 

4. Role of Lipides in Chloroplasts; the Model of Hubert 

On page 371 et seq., we discussed the occurrence of proteins and 
lipides in the chloroplasts, and stated that the pigments may be associated 
with either or both of these components. We then reviewed (page 382 
et seq.) the evidence of chlorophyll-protein association. The possible 
association between the pigments and lipides will now be considered. 
While the pigment-protein link may be a true chemical bond and thus 
lead to stoichiometric relations, the pigment-lipide association is more 
likely to be of a physical" nature, with the lipide molecules tending to 
surround the pigment molecule and bring it into solution. 

Liebaldt (1913), who thought the chloroplasts to be microscopically 
homogeneous, suggested that they may contain a submicroscopic emulsion 
of a lipide in which the pigments are dissolved. She observed that, 
when surface-active substances are introduced into the cell, small oil 
drops appear in the chloroplasts, and assumed this to be the result of 
the coalescence of submicroscopic lipide drops. (Zirkle, 1926, suggested, 
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however, that the drops may consist of free phytol, displaced from the 
chlorophyll molecule by the alcohols used as surface-active agents.) 

^ was shared by Stern (1920, 1921), who considered 

the fluorescence of chlorophyll in vivo as the most important indication 
of its state, and observed that nonfluorescent colloidal chlorophyll 
solutions can be made fluorescent by the addition of a lipide (soap, oleic 
acid, lecithin, etc.) which converts the colloid into an emulsion with the 
pigment in true solution in the lipoid drops. Wakkie (1935) found that 
the presence of sodium oleate prevents the fluorescence of chlorophyll 
from disappearing upon dilution of a molecular alcoholic solution by 
water, showing that oleate and chlorophyll associate in colloidal particles, 
and that this association protects fluorescence from quenching. The 
oleate-chlorophyll complex can be precipitated from the colloidal solution 
as a /^coacervate” by salting out; the precipitate is fluorescent and 
birefringent, thus showing a regular arrangement of the molecules. The 
result of fluorescence experiments was considered by Stern as a decisive 
evidence that chlorophyll in the cell is dissolved in a lipide. However 
(as stressed by Hubert, 1936), the absorption peaks of chlorophyll-lipide 
preparations are situated far on the short-wave side of the absorption 
peaks of the living cells. This could perhaps be explained simply by a 
higher pigment concentration in the cell (c/. Chapter 21, Vol. II); but 
other and perhaps more plausible solutions of the dilemma have been 
suggested. One was to assume that chlorophyll in the cell is divided 
into two parts — the first responsible for the absorption spectrum, and 
the second for fluorescence; another to associate each chlorophyll molecule 
with both a protein~to explain the position of the absorption bands — 
and a lipide— to explain the capacity for fluorescence. / 

Noack (1925) was the first to suggest that the larger part of chlorophyll 
in the cells is in a nonfluorescent (protein-bound) colloidal state, while a 
smaller part forms a fluorescent solution in a lipide. This suggestion 
was elaborated by Seybold and Egle (1940), who thought the correct 
position of the absorption band can be achieved only in colloidal systems, 
while fluorescence can occur only in molecular solution. (The fluorescence 
of some chlorophyll adsorbates was ascribed by them to the presence of 
lipoid impurities which dissolve a small amount of chlorophyiL) They 
prepared a model consisting of a gelatin block containing colloidal 
chlorophyiL The block was covered by an evaporated layer of a chloro- 
phyll solution in lecithin-containing ether. This block showed an 
absorption maximum at 680 mjLt characteristic of colloidal chlorophyll, 
and had a fluorescent surface layer. 

However, there is one drawback to this concept of chlorophyll di- 
vided between a fluorescent and a nonfluorescent phase: the fluorescence 
band of chlorophyll in the cell is shifted to the red by about the same amount 
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as the absorption band (ef. Chapter 23, VoL. II). Seybold and Egle sug- 
gested that .the chlorophyll solution in lecithin may have its absorption 
band in a position (668 mp) t 3 ^pical of true solutions but its fluorescence 
band in a position typical of living cells (i, e., close to 680 mp); but this 
suggestion was based on insufficient evidence and is not very plausible. 
Probabi}^ the same chlorophyll molecules account for both absorption 
and fluorescence in vivo. The ^Miiaiistic’^ theory of Noack and of Sey- 
bold and Egle also fails to give a simple explanation of the effect of heat 
on leaf fluorescence. The latter disappears upon short immersion into 
boiling water and re-appears after several minutes (Vol. 11, Chapter 24). 
A plausible explanation of this phenomenon is that a weakly fluorescent 
chlorophyll-protein complex is decomposed by denaturation of the 
protein, with the chlorophyll first left in a nonfluorescent colloidal form, 
and then slowly passing into solution, in the molten lipides, and thus 
becoming fluorescent again. Similarlj^, the disappearance of fluorescence 
upon, drying is most conveniently" explained hy an influence of drying on 
the proteinaceous phase. (Seyffiold and Egle suggested that dried pro- 
teins attract chlorophyll from the lipoid solution — an liy^pothesis which 
does not appear partiGularl.y plausible.) 

•/It thus seems as if the -weak fluorescence of chlorophyll in vivo must 
be attributed, not to chlorophyll freely^ dissolved in a lipoid phase, but 
to chlorophyll bound in a complex to a protein. ^ 
i/Hubert (1936) suggested that a chlorophyll adsorbate on protein 
may become fluorescent if the hyffirophobic end of the pigment molecule 
is protected by a lipide. Singh and Anantha Rao (1942) observed that 
the fluorescence of chloroplasts can be destroyed by trypsin as well as by 
lipase, thus indicating that the fluorescent state is brought about by the 
association of chlorophyll with both proteins and lipides. 

In Huberts chloroplast model, represented in figure 46, layers of 
protein carry rows of adsorbed chlorophyll molecules with their porphin 
rings facing the proteins, while the hydrophobic phytol tails of the 
chlorophyll molecules are attached to the equally hydrophobic molecules 
of lipides. Hubert^s model accounts satisfactorily for the optical proper- 
ties of chloroplasts (pp. 365 et seq.), but it remains highly speculative. 
We have found above that the concentration of phospholipides in chloro- 
plasts often is insufficient for the role ascribed to them by Hubert. 
According to table 14. V, one must assume that fats, at least, must partici- 
pate ill the formation of the lipide layer together with the phospholipides. 
Hubert’s assumption that the carotenoids are associated only with the.. 
■ lipoid constituents of the chloroplasts also appears to be incorrect ■((?/.• 
Menke 1940). 

In the Hubert ^ model, ail chlorophyll molecules are assumed to be in the same state, 
except perhaps those situated , in the outer layers of ' the grana, in contact with the 
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stroma. If a granum consists of 20-30 pigment layers, only 5% of ehlorophyll can be 
contained in these surface layers (10% if we assume the chlorophyll molecules in the 
surface layers to stand “on edge, instead of the inclined position they assume in 
monolayers; cf. page 449). These chlorophyll molecules may be bound to the proteins 
in the stroma and remain attached to them when the grana are disintegrated by aqueous 
lipophilic solvents. This may account for the observation of Neish (1939^), who found 
that the greater part of chlorophyll can be extracted from the “chloroplast matter by 
means of 85% acetone, but that some chlorophyll remains in the precipitate and can 
be dissolved in acetone only after a preliminary extraction with 10% trichloroacetic acid. 

Attempts have been made to prepare artificial protein-pigment-lipide 
sandwiches’^ of the type postulated by Hubert. According to Sten- 
hagen and Rideal (1939), porphyrins react specifically with protein 
monolayers (^Hanning” them) and penetrate lipide monolayers by a 
weaker and less specific interaction between the hydrophobic parts of the 
interacting molecules. Studies of chlorophyll films on globin from ox 
blood and phospholipides (commercial ovolecithin and plancitin) were 
made by Nicolai and Weurman (1938). Globin was found to provide a 
good basis for chlorophyll deposition; alternative chlorophyll-lecithin 
layers could be formed if chlorophyll was deposited by raising, and not 
by dipping the supporting frame through the surface film. However, 
none of the multifilms prepared in this way showed fluorescence, and no 
birefringence could be detected with films consisting of 180 chlorophyll 
monolayers. 
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Chapter 15 


THE PIGMEHT SYSTEM 
A. General Composition* 

When pigments are encountered in animal or plant tissueSj their 
presence never fails to attract attention, even though their color may be 
irrelevant from the point of view of their biochemical function. The 
deep red color is a striking attribute of blood, which makes it so much 
more exciting than the colorless lymph — although the capacity of 
hemoglobin to absorb visible light has no direct bearing on its biological 
activity, the transportation of oxygen. In photosynthesizing cells, the 
presence of a colored substance acquires special significance. Knowing 
that, in these cells, light is converted into chemical energy, we ask: 
Does this pigment participate in conversion, or is its color, in analogy 
with the red color of blood, only a coincidence? 

The pigment system of photosynthesizing plants is a complex mixture 
whose analysis presents many difficulties. Extraction disrupts the 
chemical units, containing the plastid pigments in the natural state, 
dilutes them with the pigments (which have no relation to photosynthesis) 
from the vacuoles and cell walls, and allows them to come into contact 
with cell components which may affect them chemically (e. g., acids and 
enzymes). The separation of the extracted mixture into its constituents 
can easily lead to further ^^denaturation’^ by contact with air, solvent, 
or adsorber. Complete separation is made difficult by the fact that the 
pigment mixture contains isomers or other components which differ only 
slightly in solubility and chemical properties. 

We cannot enter here into details of the methods which have been 
perfected to overcome these difficulties. The two main procedures are 
distribution between immiscible solvents and fractional adsorption on 
columns of talcum, sugar, urea, or other adsorbing powders (^^chromato- 
graphic analysis ^0- The first method was used by Stokes in 1864 in the 
historic investigation which proved that the pigment of green leaves 
consists of four major constituents. ■ It has been further developed by 
Willstatter..and Stoll ( 1913 , 1918 ) and more recently by Schertz ( 1928 ), 
Meyer ( 1939 ), and Hanson ( 1939 ). Chromatographic analysis, which is 


* Bibliography, page 432. 
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the more rapid and versatile of the two methods, was invented by 
Tswett in 1906- Several monographs have been devoted to it (e. g. 
Zechmeister and von Cholnoky 1937, and Strain 1942^). Specific 
applications of chromatography to plant pigments have been described 
by Winterstein and Stein (1934), Strain (1938, 1942^), Seybold and Egle 
(1938), Masood, Siddiqi, and Qureshi (1939), Zscheile and Comar (1941), 
and Zscheile (1941). Meyer (1939) and Hanson (1939) found that an 
'^allomerization^^ of chlorophyll (c/. page 459) may occur during the 
chromatographic procedure and therefore suggested that the Willstatter- 
Stoll all-liquid'^ method is preferable to the adsorption method. A 
simple separation method which combines the use of immiscible solvents 
with chromatography was described by Spohn (1935). 

As mentioned above, great care must be exercised in working with 
plant pigments in order to avoid decomposition during the separation. 
Low temperature, neutral adsorbers, rapid working, absence of oxygen 
and light — all have been recommended by Hanson (1939), Zscheile 
(1941), and other authors. According to Zscheile, drying is to be avoided 
in the preparation of pure chlorophyll (c/. however, VoL II, Chapter 21). 
It is particularly dangerous to leave chlorophyll in contact with other 
plant constituents after the leaves have been killed, since killing breaks 
down permeability barriers, denatures the proteins, and deprives the 
pigments of protection which they enjoy in the living cells. Strain and 
Manning (1942) mention that, after fresh plant material has been left 
standing in dilute alcohol for a single day, not less than 15 distinct green 
bands could be observed in the ^‘chromatogram, " indicating the presence 
of as many different transformation products of the two original green 
pigments. 

Without a complete separation of the pigments, their presence and 
often their relative and absolute concentrations can be determined by a 
spectrophotometric analysis of the extracts (c/. Vol. II, Chapter 21). 

A fundamental result of the analytical study of the pigments of green 
plants and colored algae is the proof of the invariable presence of at 
least one green pigment. 

The importance of green color for the regeneration of foul air by 
plants was recognized by Ingen-Housz, who, in 1776, wrote (c/. page 19) 
that “this office is not performed by the whole plant, but only by the 
leaves and the green stalks." (He considered the establishment of this 
fact as one of his most important achievements.) With the recognition 
of the role of photosynthesis in the nutrition of plants and animals, the 
green pigment of leaves (to which the name of chlorophyll, from 'xXopos, 
green, was given by Pelletier and Caventou in 1818) appeared as a true 
“philosopher's stone" of organic synthesis, a veritable “elixir of life" 
(Dutrochet 1837). 
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In recent yearS; attention has been increasingly drawn to the part 
played in photosynthetic production by marine plants, particularly the 
microscopic algae of the plankton. The majority of algae are yellow, 
brown, olive, red, or blue, but not green. On land, too, a few plant 
species have yellow or red, instead of green, leaves. However, our belief 
in the importance of the green pigment for photosynthesis is not shaken 
by these facts because, whenever the pigment system of a colored’^ 
(that is, nongreen) photosynthesizing organism has been analyzed, it has 
been found to contain chlorophyll. No case of photosynthesis without 
chlorophyll” has as yet come to light. Even though light absorbed by 
other pigments may also be utilized in photos 3 uithesis (cf. VoL II, 
Chapter 30), this utilization seems to be impossible without the co- 
operation of chlorophyll 

Yellow, orange, red, or blue ^‘accessory pigments,” combined with 
green chlorophyll, determine the appearance of leaves and algae. Even 
in green leaves, chlorophyll is regularly accompanied by several yellow 
carotenoids, whose presence remains concealed because their absorption 
bands, situated in the blue and violet part of the spectrum, are blotted 
out by the near-by absorption bands of the more abundant chlorophyll 
The presence of these yellow pigments (for which the name ^‘xantho- 
phyll,” from xocvros, yellow, was suggested by Berzelius in 1837) is 
revealed in autumn when chlorophyll undergoes decomposition into 
colorless products. The color of the leaves of the ^'aurea” varieties of 
certain trees and bushes, which are poor in chlorophyll, is also caused 
by the carotenoids. 

A second group of yellow pigments present in green leaves are the 
water-soluble flavones, contained mainly in the vacuoles (while the 
carotenoids are associated with chlorophyll in the plastids). In some 
species, or in certain periods of development, the flavones are supple- 
mented by their oxidation products, the red anthocyanins. This brings 
about the transient red coloration of some young or decaying leaves, as 
well as the permanent red color of the leaves of the purpurea” varieties. 
In contrast to ^^aurea” leaves, ^^purpurea” leaves are not necessarily de- 
ficient in chlorophyll (addition of a green pigment to a red one does not 
change the color as strongly as does its addition to a yellow pigment). 

Yellow and red leaves form only a few bright spots on the green 
cover which vegetation spreads in summer over the surface of land. 
In the sea, olive, brown, and red algae predominate among the vegetation. 
Their colors are caused by the mixture of chlorophyll with accessory 
pigments of two types: B.jxd phycobilins. Chemically, the 

carotenoids of the algae are not very different from those of green leaves; 
but some, particularly the fucoxanthol of the Phaeophyceae (brown algae) 
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and Diatomeae, absorb some green light transmitted by chlorophyll, and 
thus change the pure green color of the latter into a dull olive or brown. 

The colors of Rhodophyceae md Cyanophyceae are brought about by 
mixtures of chlorophyll with phycobilins, so called because of their 
similarity to the bile pigments (e. g,, bilirubin). They have absorption 
maxima in the middle of the visible spectrum — in green and yellow— 
between the two main absorption bands of chlorophyll. This explains 
why many of these organisms show a vivid red color {Flondeae)^ while 
others are purple or blue (Cyanophyceae). 

Purple and green bacteria contain green pigments closely related to 
chlorophyll (bacteriochlorophyll and bacterioviridin) and a large assort- 
ment of carotenoids, similar to, but not identical with, the carotenoids 
of the higher plants and algae. 

Of the four types of pigment mentioned above, two — the chlorophylls 
and the phycobilins — are strongly fluorescent in extracts, and also 
fluoresce (although much more weakly) in the living cells. The carote- 
noids and the flavones, on the other hand are. usually described as non- 
fluorescent (c/., however, Vol. II, Chapter 23). 

B. The Chlorophylls* 

1. Chlorophylls a and b and their Ratio 

As early as 1832, Pelletier and Caventou suspected that chlorophyll 
was a mixture. This hypothesis was proved 32 years later, in 1864, 
when the physicist Stokes, while investigating the phenomenon of 
fluorescence, beat the plant chemists to the discovery that both the green 
and the yellow leaf pigment are mixtures of at least two major con- 
stituents. Another 42 years later, Tswett, a botanist, showed chemists 
how to separate pigment mixtures efficiently. He devised analysis by 
chromatography and at once put it to practical use, achieving the first 
separation of the two chlorophyll components of green leaves. Tswett 
gave to the two green pigments the names of chlorophyll a and which 
later became plain a and 6. Chlorophyll a gives blue-green solutions; 
those of chlorophyll 6 are yellow-green. 

Zscheile (1934, 1935) thought that he had found, in the chromatograms from leaf 
extracts, a third component, “chlorophyll with properties intermediate between 
those of a and b. His conclusions were, however, criticized by Winterstein and Schon 
(1934) and Mackinney (1938); and Zscheile himself later (1941) agreed that the adsorp- 
tion layer attributed to chlorophyll h was due to pheophytin (cf. Chapter 21, Voi. II). 

Wilistatter and Stoll (1913) proclaimed the identity of chlorophylls a 
and b in all green plants, in contrast to earlier authors who believed that 

* Bibliography, page 432. 
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different kinds of chloropliyll may be prepared from different species. 
Willstatter and Stoll obtained their proof with extracted chlorophylls, and 
thus left the possibility open that different chlorophyll-bearing colloidal 
systems may exist in various species (c/. Chapter 14, page 388). 

Strain and Manning (1942) found, in the chromatograms of extracts 
from the higher green plants and algae, '^companion bands’^ to the 
bands of chlorophylls a and h, which they attributed to two new isomeric 
forms, a' and ¥. Their spectra w^'ere very similar to those of the ordinary 
forms a and b, and they appeared to be reversibly convertible into the 
^^old^^ chlorophylls. In a propanol solution at 95-100® C., 80% of the 
old isomers were in an apparent equilibrium with 20% of the new ones. 
Rapid extraction at low temperature ( — 80® C.) gave no trace of isomers 
a' and 6'; it is thus possible that they do not exist as such in nature, but 
are formed from a and b during the extraction at ordinary temperature. 
On the other hand, the ease with which the old isomers could be converted 
into the new ones in vitro argues for their presence in the living plants, 
particularly at the higher temperatures. 

Inman and Blakeslee (1938) found that the absorption spectrum of 
the chlorophyll extract from an x-ray mutant of Datura was different 
from that of ordinary chlorophyll. Apart from this isolated observation, 
the chlorophjdl of all investigated higher land plants has been found to 
consist of the same two components — the blue-green component a and 
the yellow-green component 6. As shown by table 15.1 (page 409), the 
ratio of [a]: [b] is remarkably constant, varying for most normal leaves 
between 2.5 and 3.5. Limited, but systematic changes in this ratio 
have been related by Seybold and Egle (1937, 1938) to the “light field’^ 
to which individual plants were exposed during growth, or to wEich 
the species as a w^hole has become adapted. The proportion of chloro- 
phyll 5 is larger in “shade plants^^ than in “sun plants.^^ Most green 
algae behave as extreme shade plants, with the average ratio of Ca]:[[b] 
going dowm to 1.4, while alpine plants repi^esent the extreme sun type, 
wdtli the average ratio of Ca]:[b] rising to 5,5 (cf, pages 422-424 and 
Table 15. VIII, page 423). An abnormally large ratio (about 7) of 
C^]‘Cb] WTis found in the chlorophyll-deficient aurea leaves (cf. Seybold 
and Egle 1938). 

More recently, Seybold (1941) suggested that the most important 
factor in the determination of the ratio [a]:[b] is the intensity of 
primary starch synthesis, rather than light adaptation. This new 
hypothesis was based on less extensive experimental material than the 
older adaptation theory (cf. page 422). Seybold's assumption that 
chlorophyll 6 is a specific sensitizer for the- polymerization of sugarS' to 
starch (rather thanior photosynthesis proper) appears highly improbable. 
'Whether the correlation of chlorophyll b content with starch production 
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is, nevertheless, correct, and if so, whether this effect is related to, or 
independent of, the sun or shade character of the plants, remains to be 
/Seen.: ' ■ ■■ ■ 

The hypothesis of Smith (c/. page 389) that the two chlorophylls are 
parts of a stoichiometric complex, in which three molecules of chlorophyll 
a are associated with one molecule of chlorophyll 6, finds no support in 
analytical data. 

^ 2. Protochlorophyll 

Seeds and etiolated plantules (L e. seedlings of the higher plants 
sprouted in darkness) are sometimes faintly green, although they contain 
no chlorophyll. They begin to tuxm green immediately upon exposure 
to light; and it has been assumed that the pale green substance contained 
in them is a ^^chlorophyll precursor^' capable of rapid conversion into 
chlorophyll. Monteverde (1893) prepared alcoholic extracts of this 
compound and called it protochlorophylL' The best known source of 
protochlorophyll is pumpkin seeds. Noack and Kiessling (1929, 1930, 
1931) proved its chemical similarity to chlorophyll (the presence of 
magnesium and phytol). Seybold (1937) obtained from squash seeds 
two chromatographic fractions, one bluish-green and one pure green, 
and he interpreted these as the protochlorophylls a and b. Fischer, 
Mittenzwei, and Oestreicher (1939) prepared, by partial synthesis, a 
crystallized compound which proved to be identical with a derivative 
of natural protochlorophylL Fischer was thus able to identify proto- 
chlorophyll as an oxidation product of chlorophyll differing from it only 
by two hydrogen atoms (c/. page 445). 

I This result is significant for speculations as to the role of protochloro- 
[ phyll in nature. Preisser assumed, as early as 1844, that chlorophyll is 
I formed in young plants by the oxidation of a precursor; and this concept 
I has been further developed by Monteverde and Lubimenko (1911, 1913) 
and Lubimenko (1927, 1928). The realization that protochlorophyll is an 
oxidation product of chlorophyll eliminates it, according to this theory, 

I as a chlorophyll precursor. Lubimenko had postulated, as early as 1928, 

I that protochlorophyll is not a precursor of chlorophyll, but a by-product 
i of its synthesis, for which he suggested the following scheme: 

higher plants 

— ^-protochlorophyii 

Leucophyli chlorophyllogen J (<iark) 

(colorless) (colored) 1 higher plants aisht) 

C -~>chloropiiyll 

lower, plants' 

(dark, or light*)., " 

According to this scheme, protochlorophyll is formed only in the dark, 
when chlorophyllogen cannot be converted into chlorophyll. 

* See page 430. 
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On the other hand, Noack and Kiessling (1929, 1930, 1931) and 
Scharfnagel (1931), among others, thought that protochlorophyll is con- 
verted by illumination into chlorophyll. If this is correct, the last stage 
of chlorophyll formation is a reduction rather than an oxidation — which 
is possible in itself, but incompatible with the Preisser-Lubimenko theory. 

The existence of ^^leucophyir^ and ^^chlorophyllogen,^’ included in 
the scheme of Lubimenko and Monteverde, is a matter of speculation. 
The whole problem of chlorophyll development in seedlings certainly is 
in need of renewed analytical study. 

3. The Chlorophylls of the Algae 

It was mentioned above that green algae behave as extreme shadow 
plants, with an exceptionally large proportion of chlorophyll h (cf. 
Table 15.11, page 410). ^^Colored^^ algae normally live in much deeper 
water than the green algae, and could thus be expected to contain even 
more chlorophyll b. Instead, no chlorophyll b is found in them at all. 
Wiilstatter and Page (1914) left the possibility open that brown algae 
may contain a little (less than 5%) of chlorophyll b; but Fischer and 
Breitner (1936), Seybold and Egle (1938), Montfort (1940), Seybold, 
Egle and Htilsbruch (1941) and Strain and Manning (1942^) lowered this 
limit to less than 1%. They also extended the experimental proof of 
the absence of chlorophyll b to diatoms, red algae and blue algae. Pace 
(1941) asserted recently that diatoms may contain up to 10% of the b 
component, but Strain and Manning (1942^) attributed his results to a 
confusion with chlorofucin or '^chlorophyll c/’ whose existence will be 
discussed further below. The deficiency of chlorophyll b is easily shown, 
according to Wilschke (1914) and Dh6r6 and Fontaine (1931), by the 
absence of its band in the fluorescence spectrum of brown algae (c/. 

VoL II, Chapter 24).. r 

Seybold and Egle (1937), Montfort (1940) and Seybold, Egle, and 
Htilsbruch (1941) found that the fresh-water alga, Vaucheria, although 
green, also contains no chlorophyll 6 at all. Seybold and coworkers 
saw in this an argument in favor of reclassification of this alga (as a 
Heteroconta rather than Chlorophgcea) ; they suggested that all Hetero- 
contae may be devoid of chlorophyll 6. The same authors found that 
some Flagellatae {e.' g., Vohox and Chlamydomonas) contain components 
a and h in normal proportions, while others (e. g., Euglena viridis) contain 
only a very small amount (< 3%) of chlorophyll 5, or none at all (e. g., 
Peridinium tabulaium). : 

Seybold, Egle, and Htilsbruch suggested that plants may divided 
into two large classes: plants^’ and "a +, &■ plants/ ^ The division 

may have .first occurred at the level of the Flagellatae, since some ;of 
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these unicellular organisms belong to the first and some to the second 
class. Heteroeoniae, Phaeophyceae, Rhodophyceae, Cyanophycem^ and 
Diatomeae may be descendants of the first group of the flagellateSj while 
Chlorophyceae and all the higher green plants may be genetically related 
to the second group. 

Seybold (1941) noticed that green algae deficient in chlorophyll h do 
not form starch as a direct assimilation product. Vaucheria^ for example, 
is known to store oil and not starch. A review of other algal classes 
showed no direct contradictions to this rule. (Whenever starch was 
found in h-deficient colored algae, it could be interpreted, according to 
Seybold, as a “secondary” product.) Seybold suggested that only 
chlorophyll a participates in the synthesis of sugar, while chlorophyll h 
is a specific sensitizer for starch synthesis, a suggestion with which few 
will agree. 

It has been asserted that at least some (and perhaps all) 6-deficient 
colored algae contain another chlorophyll component, designated as 
“chorofucin” by Sorby, and “chlorophyll 7” by Tswett. (Since the 



nonexistence of a third chlorophyll component in leaves has now been 
agreed upon, this compound may also be designated without ambiguity 
as “chlorophyll c.”) ’^^The “third chlorophyll” w^as first observed by 
Stokes in 1864 in extracts from brown algae, and its presence was later 
confirmed by Sorby (1873) and Tswett (1906). Willstatter and Page 
(1914) asserted, howwer, that it occurs only in extracts from algal 
material which has been kept in storage — even if for only a short time — 
and suggested that it is a decomposition product of chlorophyll a. 
Wilschke (1914) and Dh6r6 and Fontaine (1931) found, in extracts from 
the brown alga FucuSj an absorption band at 631 m/z, which could not 
be attributed to either chlorophyll a or 6. A similar result was obtained 
by Bachrach and Dh4r4 (1931) with extracts from the diatom, Navicula. 
Dh4r4 and Fontaine also found an extra band in the fluorescence spectrum 
of extracts from brown algae, even fresh ones, but this band was not 
observed by Dh^re and Raffy (1935) in living algae. This caused 
Dh4re to agree with Willstatter -s hypothesis that “chlorophyll c” is a 
post-mortem product. However, this concept was challenged by Strain 
and Manning (1942^), who found that the absorption spectra of extracts 
from diatoms {Nitzschia closterium) and brown algae (Fucus furcatus and 
eight other species), prepared in many different ways^ always show the 
satee deviation from the absorption spectrum of pure chlorophyll a. 
The component responsible for this change was obtained in the pure 
state by chromatographic separation, and proved to be a pale green 
pigment with an absorption spectrum similar to that given by Tswett 
for^“chIorophyll|7” and a fluorescence spectrum similar to that reported 
for chlorofucin by Wilschke and Dh^re and Fontaine. It is not identical 
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with any one of the numerous transformation and decomposition products 
of chlorophyll a which can be separated by chromatographic methods. 

The same pigment also was found by Strain, Manning, and Hardin 
(1943) in a dinoflagellate (Peridinium cinctum). Strain and Manning 
concluded that chlorofucin is a normal component of at least three major 
classes of algae (Phaeophyceaej Diatomeae, Flagellatae) and perhaps serves 
as a substitute for chlorophyll 6. The proportion of “chlorophyll 
has not been determined, but it appears from the published absorption 
curves that it cannot exceed 10% of the total quantity of chlorophyll. 

Chlorophyll c is not found in red algae, which contain, however, 
according to Manning and Strain (1943), still another pigment, a “chloro- 
phyll characterized by an absorption band far in the red, at 696 mg, 
(in methanol). An isomeric form, d/, of this pigment also was found. 

4. BacteriocMorophyll and Bacterioviridin 

The green pigments of sulfur bacteria, hacterioviridm and bacteiHo-- 
chlorophyll^ are close relatives of the chlorophylls of the higher plants 
and algae. Bacterioviridin is as yet almost unknown; but bacterio- 
chlorophyll has been much studied recently. Fischer and coworkers 
(c/. Fischer 1940) found only one component of this pigment whose 
chemical structure makes it an analogue of chlorophyll a. Seybold and 
Egle (1939) found three components in the chromatograms of extracts 
from Thiocystis — a steel-blue “bacteriochlorophyll a green “bacterio- 
chloropliyll b” and a “ bacteriochlorophyll — but held it possible that 
the “b” and “c” components were secondary products, formed while 
the pigment was allowed to stand for several hours in methanol solution. 

5. Concentration of Chlorophyll in Leaves 

The concentration of chlorophyll in leaves and algae can be referred 
to fresh weight, dry weight, cell volume, or surface. None of these 
methods is entirely satisfactory. Reference to unit surface, favored in 
many studies of the leaves of the higher plants, and suitable ivhen a 
measure of their color density is desired, is inappropriate for algae, 
especially the unicellular ones. Reference to unit fresh weight, or cell 
volume, may be deceiving in the case of plants with an abnormally large 
water content (compare Fig. 48). For plant organs containing a large 
proportion of colorless tissue, e. p., the fleshy leaves of the succulents, the 
reference to either fresh or dry weight may give deceivingly low figures. 

The first determinations of chlorophylls a and b in a large number of 
higher plants were , carried . out by Willstatter and Stoll (1913, 1918); 
a second extensive study was made by Seybold and Egle (1937, 1938, 

Further details of these new results will be found in VoL II, Chap. 21. 
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1939) and Seybold, Egle, and Hiilsbruch (1941). Table 15.1 contains 
a selection from the results of these investigations. It shows the “nor- 
mal” concentration of chlorophyll and the “normal” ratio [a];[b] in 
plants of different types. Finer differences, which can be interpreted as 
adaptations to different “light fields,” are discussed on pages 422 et seq. 

Table 15.1 shows that the total chlorophyll content of most leaves— 
with the exception of aurea varieties — is of the order of 0.7-1. 3% of dry 
weight (Willstatter and Stoll). This average content does not depend 
on geographical latitude (Lubimenko 1928), although the range of its 



Fig. 48. — Section tlirougli a cell of Elodea, showing the 
largeslT part of it occupied by the vacuole (from Robbins and 
Rickett 1939). (Courtesy of B. Van Nostrand Company, Inc.) 


variations is far larger in the tropics than in moderate zones (qf. page 422). 
Contrary to earlier results of Henrici (1919), alpine plants were found 
by Seybold and Egle (1939) to contain not less total chlorophyll (referred 
to unit surface) than plants from the lowlands. The only leaves in 
table 15.1 whose chlorophyll content is a whole order of magnitude 
smaller than that of all others are those of the aurea variety of the elm; 
the same was found to be true also for other yellow summer leaves 
investigated by Willstatter and StolL 

6. Chlorophyll Content of Algae 

As shown by table 15.11, earlier investigators (Willstatter and Stoll 
1913, and Lubimenko 1925) found that algae are less rich in chlorophyll 
than land leaves. The appearance of such bright-green algae as Ulva 
lactuca does not support this conclusion. Newer studies of Seybold and 
Egle failed to confirm it; they found the content of most algae in chloro- 
phyll to be similar to that of green plants, that is, 0.5'-1.5% of the dry 
weight. Unicellular green algae (a. g,j CMorella) may contain up to 
4or 5% chlorophyll (c/. below). Seybold and Egle (1938) suggested that 
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Table 15.1 


Chlorophyll Content of Land Plants 


Species 

Per cent of dry weight 

Source® 

ta] +Ibl 

la] 

! Ibl 

[a] : [b] 

Sanibucus nigra 








Sun leaves 

0.80 

0.58 

0.22 

i 2.6 

W.S. (1913) 

Shade leaves 

1.18 

0.79 

0.39 

2.0 

1 W.S. (1913) 

Platanus acerifolia 


i 






Sun leaves 

0.68 

0.53 

0.15 

3,5 

W.S. (1913) 

Shade leaves 

1.12 

0.85 

0.27 

3.2 

W.S. (1913) 

Laurus nohilis 








New, light leaves 

0.41 






W.S. (1918) 

Last year dark leaves 

0.43 






W.S. (1918) 

Ulmiis 








Ordinary leaves 

0.56 






W.S. (1918) 

Aurea leaves 

0.05 






W.S. (1918) 

Pelargonium zonah leaves 

1.30 






W.S. (1918) 

HeUa7ithus annuus leaves 

1.27 






W.S. (1918) 

Ailanthus glandulosa leaves 

1.31 






L. (1928) 

Pinus needles | 

0.26 

0.19 

0.07 

2.7 

W.S. (1913) 

Grass blades 

0.67 

0.46 

0.21 

■ 2.2 

W.S. (1913) 


[a] + [b] % of fresh weight 



Maximum j 

Minimum 

Average 


200 spp., Northern Russia (60® N) 

0.38 


0.10 


0.24 

L. (1928) 

200 spp., Crimea (45® N) 

0.48 


0.10 


0.25 

L. (1928) 

200 spp., Java (6° S) 

0.79 


0.09 


0.27 

L. (1928) 



Mg. per 100 cm.® 




lal 

[b] 

la] ; [b] 
av. 



Max. 

Min. 

Av. 

Max. , 

Min. 

Av. 



6 alpine spp. 

3.0 

4.4 

3.6 

0.47 

1.05 

0.74 

5.1 

S.B. (1939) 

7 lowland spp. 

2.6 

5.5 

3.8 

0.70 

1.6 

1.07 

3.6 

S.E. (1939) 


® W.S. s= Willstatter and Stoll; L. — Lubimenko; S.B. « Seybold and Egle. 


the, low figures of Willstatter and Page may have been due to the rapid 
decomposition , of chlorophyll in algae which were not freshly gathered,. 

Lubimenko (1925) found that' the concentratioii of chlorophyll,' is 
especially low in red marine algae from great depths (e. g., 40 meters), 
while the concentration of the red pigment (phycoerythrin) increase,s 
with depth (c/. Table 15. VII, page 421 ). ' Seybold and Egle found a 



'I 
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Table 15.11 

Chlorophyll Content op Algae 


CHAP. 15 


A. GREEN ALGAE (Chlorophyceae) 


Species 

Per cent of dry weight 

[a] : [b] 

Source* 

[a]+[b] 

1 

[a] 

[b] 

Ulva lactuca 

0.16 

0.09 

0.07 

1.3 1 

W.S. (1913) 


0.21 




L. (1928) 

Cudum tomentosu?n 

0.32 




L. (1928) 

Ulva lactuca 

0.48 

0.33 

0.15 

2.2 

S.E. (1938) 

Chaetomorpha melagonium 

1.53 




S.E. (1938) 

Chlorella vulgaris 






Strong light 

1.8 




W.N. (1922) 

Weak light 

4.0 




W.N. (1922) 

Chlorella pyrenoidosa 






Strong light 

2.7 




N.E. (1939) 

Weak light 

4.9 




N.E. (1939) 

Strong light 

0.4^ 




E.A. (1932) 

Weak light 

1.7» 




E.A. (1932) 

Chlorella pyrenoidosa 

2.55 

2.00 

0.55 

3.6 

H. (1942) 


B. brown algae (Phaeophyceae) 
Only chlorophyll a 


Species 

Per cent 
of dry 
weight 

Source 

Species 

Per cent 
of dry 
weight 

Source* 

Fucus serratus 

0.17 

W.S. (1913) 

Fucus serratus 

0.45 i 

S.E. (1938) 

Laminaria 

0.19 

W.S. (1913) 

Laminaria 

0.23 

S.E. (1938) 

Diciyota fasciola 

0.13 

L. (1928) 

Diciyota dichotoma 

0.78 

S.E. (1938) 

Padina pavonia 

0.26 

L. (1928) 





c. RED ALGAE {Rhodophyceae) 
Only chlorophyll a 


Species 

Per cent 
of dry 
weight 

Source 

Species 

Per cent 
of dry 
weight 

Source* 

CoralUna mediterranea 



Phyllophora palmettoides 



(surface) 

0.17 

L. (1925) 

(in 40 m. depth) 

0.05 

L. (1925) 

J ama ruhem (surface) 

0.15 

L. (1925) 

(in 51 m. depth) 

0.07 

L. (1925) 

Gelidium corneum 



Phyllophora rubens 

0.15 

L. (1928) 

(grotto) 

0.11 

L. (1925) 

Laurentia coronopus 

0.03 

L. (1928) 

Phcamium cocdneum 



Porphyra laciniata 

0.44 

S.E. (1938) 

(grotto) 

0.06 

L. (1925) 
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Table 15.II — Continued 


D. BLUE-GEBEN ALGAE {Cyanophijceae) 
Only chlorophyll a 


Species 

Per cent of dry weight 

Source® 

Gloeocapsa montana 

Strong light 

0.3 

Sa. (1940) 

Weak light 

0.7 

Sa. (1940) 


® W. S. == Willstatter and Stoll; L. == Lubimenko; W. N. =* Warburg and Negelein; S. E. == Seybold 
and Egle; N. E. == Noddack and Eichboff; E. A, =» Emerson and Arnold; Sa = Sargent; H. == Haskin. 
Relative to fresh weight. 


considerably higher chlorophyll content in Porphyra ladniata than was 
given by Lubimenko for any of the red algae. It remains to be seen 
whether the decrease in chlorophyll concentration with increasing depth, 
asserted by Lubimenko, -will be confirmed by new analyses. 

7. Chlorophyll Concentration in Single Cells and Chloroplasts 

The highest chlorophyll concentrations (up to 1.7% of fresh weight 
and 5% of dry weight) have been found in the unicellular green alga, 
Chlorella^ particularly in cultures grown in w^eak light. This must be 
due to the absence of dilution ’’ by colorless cells and structures, which 
is inevitable in multicellular organisms. (The concentration of chloro- 
phyll in single palisade cells of green leaves may be as high as in Chlorella.) 

The concentration of chlorophyll within the chloroplasts must be two 
or three times higher than in the cell as a whole. In the case of Chlorella^ 
it should reach 10-15% of the dry w^eight. Several empirical estimates 
of this quantity have been attempted. Von Euler, Bergman, and 
Hellstrom (1934) calculated that 1.7 X 10® molecules of chlorophyll are 
present in a single chloroplast of Elodea densa; this corresponds to a 
concentration of about 0.1 mole per liter, or about 10% relative to the 
fresh weight of the chloroplast. 

Godnev and Kalishevich (1940) found that a leaf of Mnium contained 
an average of 2.4 X 10~^2 g, qj. 1.3 x 10® molecules of chlorophyll in 
each chloroplast. Since the volume of an average chloroplast of Mnium 
is 4.1 X 10"“^^ ml, the concentration of chlorophyll in it is 0,065 mole 
per liter, or about 5.8% of the fresh weight of the chloroplasts. 

Other estimates have been derived from the analysis of the '^^chloro- 
piastic matter isolated by methods described in chapter 14. Granick 
(1938) found as much as 16% chlorophyll (relative to dry w^eight) in the' 
ehloroplastic matter from spinach. The results of other analyses' were. 
so.mewdiat smaller. Menke (1940) found between 7.6 and 8.3% chloro- 
phyll in the centrifuged chloroplast fraction from spinach leaves, and 5.3 
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to 6.4% in the precipitated ^'chloroplastic matter — which he therefore 
considered as contaminated by 15% cytoplasm (c/. page 369). SmiWs 
analysis (1941) of the same material gave 8% chlorophyll^ while Bot 
(1942) found only 4 to 6% chlorophyll in the dry chloroplastic matter 
from Latyrus and Spinacia. 

If all chlorophyll is concentrated in the grana, its concentration there 
must be about twice that in the chloroplast as a whole, and five or six 
times that in the whole cell, €., 10-30% of the dry weight, or 0.06-0.2 
moles per liter, depending on whether the average concentration in the 
dry chloroplastic matter is 5 or 15%. The bearing of these figures on 
the problem of the state of chlorophyll in the chloroplasts was discussed 
in chapter 14 (page 390). 

C. The Carotenoids* 

Berzelius (1837) made the first attempt to extract the yellow pigment 
— which he called xanthophyll — ^from autumnal leaves. He considered 
it at first as a decomposition product of chlorophyll, but found later 
(1838) that it exists as such also in summer leaves (as was suspected as 
early as 1827 by Guibourt, Robinet, and Derheim). Confirmations of 
this fact were given by Fr4my (1860) and Stokes (1864), who fractionated 
the leaf extracts by means of immiscible solvents. 

Stokes (1864) recognized that the yellow pigment consists of two 
main constituents. One of them is called carotene because of its identity 
with the pigment of the carrot. The name xanthophyll was retained 
for the other. Chemical studies have shown that carotene is a carbo- 
hydrate which exists in several isomeric forms, while ^^xanthophyll” is a 
mixture of several isomeric and homologous alcohols derived from the 
carotenes. It seems best lo call them by the generic name of carotenols 
(c/. page 471). 

The introduction of chromatographic analysis has been of great help 
in the separation of carotene and carotenol mixtures. According to 
Strain (1938), about a dozen of these pigments are regularly present in 
green leaves, while others are encountered in algae and bacteria. 

The first data on the concentration of the carotenoids in plants were 
obtained by Willstatter and coworkers (cf. Willstatter and Stoll 1913, 
1918). Some of their results, together with the more recent ones of 
Seybold and Egle (1938, 1939), are given in table 15.111, which shows 
the contents in carotene, [c], and carotenols, [x], and the ratios, [x]: [c] 
and([a]+[b]):([c] + Cx]). 

The average ratio of HTc] is between 4 and 6 both in the higher 
plants and algae (if fucoxanthoi is included in the carotenol total). 

* Bibliography, page 434. 
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However, individual variations in this ratio are wider than those in the 
[a]:Cb] ratio. In 24 alpine plants investigated by Seybold and Egle 
(1939), the varied between 2 and 15. Even wider variations 

have been observed in algae. Table 15.III shows, for example, a ratio 
of 20 for Laminaria. Seybold, Egle, and Hiilsbruch (1941) found 


Table 15.III 
Carotenoids in Plants 



Sambucus nigra 


! 






Sun-exposed leaves 

0.147 

0.052 

0.095 

1.8 

5.4 

3.3 

W.S. (1913) 

Shade leaves 

0.156 

0.038 

0.118 

3.1 

7.5 

4.6 

W.S. (1913) 

Aesculus hippocastanum. 








Sun-exposed leaves 

0.207 

0.082 

0.125 

1.5 

4.6 

2.8 

W.S. (1913) 

Shade leaves 

0.148 

0.037 

0.111 

3.0 

8.0 

4.7 

W.S. (1913) 

Phtamis acerifoUa 








Sun-exposed leaves 

0.135 

0.043 

0.092 

2.1 

4.6 

2.8 

W.S. (1913) 

Shade leaves 

0.176 

0.051 

0.125 

2.5 

6.3 

3.3 

W.S. (1913) 


B. ALGAE 


Green algae 








(Chlorophycem) \ 

Ulva laciuca I 

0.093 

0.016 

0.077 

5.0 

3.1 


S.E. (1938) 


0.051 

0.014 

0.037 

2.6 : 

2.6 

2.0 

W.S. (1913) 

Chaeiomorpha 1 








melagonium 

Chlorella pyrenoidosa 

0.41 

0.313 

0.045 

0.268 

6.0 

3.7 

7.9 

5.4 

S.E. (1938) 
H. (1942) 

Brown algae 
(Phaeophyceae) 








Fmus serratus 

0.083 

0.016 

0.067^ 

4.2 

5.4 

3,6 

S.E. (1938) 


0.121 

0.031 

0.090^ 

2.9 

1.4 

0.95 

W.S. (1913) 

Laminaria • 

0.057 

0.008 

0.049^1 

6.1 

4.1 

2.8 

S.E. (1938) 


0.082 

0.004 

0.078^ 

19.5 

1.5 

0.9 

W.S. (1913) 

Didyota dichoioma 

0.191 

0.028 

0.163^ 

5.8 

4.6 

2.7 

S.E. (1938) 

.Red .algae ' 

{Rhodophyceae) 








Porpkyra Mciniata 

0.129 , 

0.029 

0.100<= 

3.4 

■ 3.4 

2.1 

S.E. (1938) 


« W.S. s* Willstatter and Stoll; S.E. *** Seybold and Egle; H, * Haskin. 

Including fucoxantboL 
“ Including phyliorliodin. 
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variations between 5 and 50 in 12 green fresh-water algae; in three 
flagellates, the ratios of [x]:[c] were 5.4, 6.0 and 11.4, respectively; and 
in seven fresh-water Rhodophyceae (some of them green and some brown 
or reddish), it varied between 3.4 and 8.3. 

The ratio of [total chlorophyll] : [total carotenoids] also varies over 
a wide range. In table 15.III, the values for the higher plants are 
between 4.6 and 8.0. However, the Seybold-Egle (1939) list of 24 alpine 
plants contains values between 1.6 and 3.7, and the list of seven lowland 
plants, values from 2.6 to 4.3. The low values ('^ 1) of the quotient 
(M + [b]) : ([c] + [x]) for '^fucoxanthol algae, found by Will- 
statter and Stoll, were revised by Seybold and Egle (1938) to 4 or 5, in 
consequence of the larger chlorophyll concentrations which they found 
in these organisms (cf. page 408). The figures given by Seybold, Egle, 
and Hulsbruch (1941) for 12 fresh-water Chlorophyceae varied between 
0.5 and 3.5, and those given for seven fresh-water Rhodophyceae, from 
0.76 to 1.9. On the whole, it seems that the concentration of carotenoids 
relative to that of chlorophyll is somewhat higher in algae than in land 
plants; but this rule is by no means general, and the brown color of 
Phaeophyceae^ for example, is brought about not so much by a quanti- 
tative preponderance of carotenoids as by the spectroscopic difference 
between the yellow leaf “xanthrophylls^^ and the fucoxanthol, which, 
although also yellow in solution, appears to be orange in the living cell. 

The only known nonchlorotic and nondecaying plants with an 
abnormally low' ratio of [chlorophyll]: [carotenoids] are leaves of the 
aurea varieties, which contain about ten times less chlorophyll (and 
only slightly less carotenoids) than the corresponding green varieties. 
The ratio ([a] + [b]):([x] + [c]) in the aurea variety of Sambucus 
nigraj for example is only 0,3, as against 4.8 in green leaves of the same 
species (Willstatter and Stoll 1913). The aurea leaves also contain, 
according to Seybold and Egle (1938), a large excess of carotenois 
([x]:[c] == 7). Montfort (1936) thought that the pigment relations in 
brown algae are similar to those in aurea leaves, but this similarity 
disappears if the newer data of Seybold and Egle (1938) are substituted 
for those of Willstatter and Page (1914). 

A certain similarity exists, however, between aurea leaves and the 
yellow autumn leaves — not only in respect to the ratio ([a] + [b]): 
([x] + [c]), but also in respect to the specific nature of the most abun- 
dant carotenoids. Strain (1938) found that the yellow leaves of Evony- 
nius japonica are characterized by a preponderance of zeaxanthol, and 
that the same is true of yellow autumn leaves, while the main carotenoid 
constituent of normal summer leaves is luteol. Chlorotic pear leaves, 
on the other hand, have been found by Strain to contain the normal 
assortment of carotenois. 
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The carotenes are isomeric hydrocarbons. The most common one 
in leaves is iS-carotene. Mackinney (1935) found it in all of the 59 species 
he investigated; in 40 of them he also found a-carotene, in concentrations 
up to one-half that of /3-carotene. 


Table 15.IV 

Concentration op Carotenols in Relative Units 


Carotenol 

Formula 

Concentration 

Luteol 

C40H56O2 

250 

Neoxanthol I 

? 

80 

Violaxantliol b 

C40II66O4 

26 

Fiavoxanthol c 

CioHseOa 

22 

Flavoxanthol h 

C40H56O3 

19 

Zeaxanthol 

C40II56O2 

8 

Isoluteol 

C40II58O2 

5 


Table 15.IV shows the composition of a typical carotenol mixture 
from green leaves, as analyzed by Strain (1938). Several bands in 
Strain^s chromatogram remained unidentified, so that the mixture 
probably contained additional components, in quantities similar to those 
of violaxantliol. Liiteol, although undoubtedly the most common of 
the leaf carotenols, does not form more than one-half the mixture. In 
autumnal leaves, the carotenoids undergo changes whose nature is not 
yet well understood. Shortly before the leaves are shed, zeaxanthol 
(the pigment of yellow corn) becomes the main component of the carotenol 
mixture. According to Strain, it is not formed from other carotenoids, 
but merely survives them because of its greater stability. 

The algae contain the same ubiquitous carotenes {a and as the 
higher plants, but often a different assortment of carotenols and other 
carotene derivatives. After the first survey of the field by Kylin (1927) 
and Boresch (1932), the analysis of algal carotenoids was carried out 
by Tischer (1936, 1937, 1938) and Heilbron (c/. Ileilbron and Phipers 
1935; Heilbron and Lythgoe 1936; and Carter, Heilbron, and Lythgoe 
1940). The last-named authors investigated algae from seven of the 
eleven main algal classes. Table 15.V is a condensation of their results. 

Fucoxanthol, the carotenol pigment most characteristic of Phaeo- 
phyceaBj Chrysophyceae and Bacillariophyceae (diatoms) also was found 
in a few green algae (e. g., Zygnema pecUnata) and red algae {e, g,.yPoli~ 
.syphonia negrescens) , but it has never been discovered in land plants. 
With these exceptions, the carotenoids of green and red algae are similar ' 
to , those of the higher ' plants (that is, they consist mainly of carotene 
and luteol), -while blue-green algae contain at least two .carotenoids not 
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Table 15.V 


Caeotenoids op the Algae 


Algae 

Caro- 

tene 

Myxo- 

xan- 

thol 

Xantho- 

phyll 

(mainly 

luteol) 

Fuco- 

xan- 

thoP 

Viol- 
axan- 
! thol 

Fiavo- 

xan- 

thol 

Myxo- 

xantho- 

piiyli 

Chlorophyceae (9 sp.) 

+ 


+ 


4-2 



Xanthophyceae (1 sp.) 

+ 





+ 


Bacillariophyceae 








(diatoms) (1 sp.) 

+ 


+ 

+ 




Chrysophyceae (3 sp.) 

•f 



•f 




Phaeophyceae (12 sp.) 

+ 







Rhodophyceae (15 sp.) 

+ 


+ 





Myxophyceae 








(or Cyamphyceae) 








(3 sp.) 

+ 

+ 

+ 

i 





i Fueoxanthol occurs in several isomeric forms; cf., for example, Strain and Manning (1942). 
* Only in. a few species. 


encountered in other plants. Strain and Manning (1943) found in the 
diatom Navicula torquatum, a new carotene, whose spectrum was similar 
to that of violaxanthoL* 

Table 15.VI 


Cakotenoi^s op Bkown Algae 


Species 

Per cent of dry weight 

m : ll] 

Source 

Luteol 

Fueoxanthol 

Fucus 

0.031 

0.059 

1.8 

W.P. (1914) 


0.0084 

0.0584 

7 

S.E. (1938) 

Laminaria 

0.025 

0.053 

2.1 

W.P. (1914) 


0.0041 

0.0448 

9 

S.E. (1938) 

Dictyota 

0.0325 

0.130 

4 

S.E. (1938) 


Quantitative data are available only for brown algae. Table 15. VI 
contains figures given by Willstatter and Page (1914) and Seybold and 
Egle(1938). 

In purple lacteria, bacteriochlorophyll is accompanied by several 
carotenoids different from those of the higher plants. Karrer and 
Solmssen (1935, 1936) have identified in the two hydro- 

carbons (flavorhodin and rhodopurpurin) and three oxygen-containing 
carotenoids — rhodoviolascin, rhodopol and rhodovibrin (c/. p. 473). 

* New results of these authors (1944) will be described in Vol. II, Chap. 21. 


THE PHYGOBILINS 


417 


D, The Phycobilins^ 

A water-soluble blue pigment was discovered in blue-green algae by 
von Eisenbeck in 1836. Seven years later, Kiitzing (1843) extracted a 
similar red pigment from red algae and called it 'phycoerythrin^ suggesting 
at the same time the name phycocyanin for von Eisenbeck’s blue com- 
pound. The spectroscopic properties and the (very intense) fluorescence 
of these pigments were first studied by Schiitt (1888). Molisch (1894^ 
1895) showed that the reactions of the aqueous extracts to heat, alcohol^ 
and salts were those of colloidal protein solutions. The separation of 
the chromophoric groups from the carrier protein was achieved by 
Lemberg (1929), who introduced the name '^phycobilins^^ because of 
the similarity between these chromophores and the bile pigments, c. g. 
bilirubin. Kiitzing (1843) found that phycoerythrin is present also in 
the blue-green algae; and this was confirmed by Boresch (1921) and 
Wille (1922). Similarly, the red algae often contain some phycocyanin. 
It may be fair to say, therefore, that the twm pigments usually occur 
together (similar to the occurrence of the two chlorophylls, or of carotene 
and the carotenols). According to Kylin (1931), the Florideae, which 
live below 3-5 meters under the sea, contain only phycoerythrin and are 
therefore bright red, while those growing nearer to the surface also 
contain phycocyanin and are therefore brownish, purplish, or violet. 

The relation between phycocyanin and phycoerythrin is similar to 
that between the two chlorophylls and between carotene and carotenol 
in that one is, according to its formula, an oxidation product of the other. 
The oxidized pigment (phycocyanin) occurs in several varieties, 
distinguished by their shades — green-blue, blue, purple-blue (Molisch 
1906; Kylin 1910, 1911, 1912, 1931) and reminding one of the different 
carotenols. The reduced pigment (phycoerythrin) appears to be the 
same in red and blue algae, although Kylin (1912) noticed some variations 
in fluorescence and later (1931) also in the absorption spectra of phyco- 
erythrins from different sources. The identifiication of the different 
varieties of the phycobilins is complicated by two facts: In the first 
place, many observations of allegedly different phycocyanins have been 
probably due to variable admixtures of phycoerythrin ; and, in the second 
place, changes in the extinction curves of the chromoproteids may be 
due to variations in the nature of the proteins rather than of the 
chromophores.. 

It seems that the occurrence of phycobilins in the plant world is 
restricted to the two classes of algae mentioned above, the Rhodophycem 
and Cyanophyceae; however, similar pigments are found, according to 
Lemberg, in fishes, and perhaps also in sponges and bacteria. 


Bibliography, page 435. 
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Despite the solubility of the chromoproteids in water, which makes 
their extraction easy (it is sufficient to kill the cells, chemically or me- 
chanically, and allow the pigment to diffuse into distilled water), their 
purification and separation involves considerable difficulties; and only 
few data exist as to their absolute concentration in the algae. According 
to Lemberg (1928), the red alga, Ceramium rubrum^ in winter, contains 
1.9% of pigment (relative to dry weight), one-fourth of which is phyco- 
erythrin. In summer, the content of pigment is 0.9%, with one-third [ 
phycoerythrin. Kylin (1910) calculated, for the same species, 0.67% 
phycoerythrin in April (relative to dry weight after subtraction of ash) 
and 1.5% in March. Lubimenko (1925) gives the figures in table 15.VII • 
for the ratio of [phycoery thrin] : [chlorophyll] for red algae of different 
origin. f 

Table 15.VII 

Phycoerythrin-Chloeophyll Ratio (after Lubimenko) I 


Species 

Origin 

Ratio 

Group 

Corallina mediterranea 

Surface 

! 0.06 

I 

Corallina mediterranea 

0.5 m. 

0.10 


Jama ruhens 

: Surface 

0.12 

II 


0.5 m. 

0.13 


Chrysimenia uvaria 


0.21 


Glaicladia furcata 


0.24 


Gelidium corneum 

Open air 

0.24 

III 


Grotto 

0.25 

! 

PeyesonnelUa squamania 


0.34 

IV 

Phyllophora palmettoides 

40 m. 

0.45 

V 

1 

' 

51 m. 

0.42 


Plocamium coccineum 

Grotto 

0.66 

VI 


Lubimenko classified all algae in six groups, with ratios 0.06, 0.12, 0.24, 0.36, 0.42 
and 0.66, respectively (Table 15.VII), and stressed the gradual increase in relative 
proportion of the red pigment with increasing depth of the habitat (c/. page 421). 


All these determinations indicated that the concentration of the red 
pigment is of the same order of magnitude as, or even smaller than, 
that of chlorophyll. According to Lemberg (1928), the chromophore 
constitutes only 2% by weight of the chromoproteid. Thus, a mass 
ratio of 1:1 of chlorophyll and phycoerythrin corresponds to a molecular 
ratio of about 50 :1 (assuming that the molecular weight of the chromo- 
phores are equal). This predominance of the green pigment seems to be 


THE ADAPTATION PHENOMENA 


419 


in contradiction with the relative prominence of the absorption maxima 
of the two pigments in living algae, as illustrated by a figure in chapter 22 
(VoL II). (This figure refers to phycocyanin, rather than phycoerythrin, 
but the pure red color of many Florideae indicates that these algae, too, 
must contain much more than two molecules of the red pigment for lOO 
molecules of the green.) 

E. Influence op External Factors* 

L The Adaptation Phenomena 

Various external factors may affect the composition of the pigment 
system. The two kinds of relationship which fall under this heading 
can be called phylogenetic and ontogenetic j respectively. On the one hand, 
the composition of the pigment system of a certain class or species is 
related to the conditions under which it usually lives. For example, 
red algae abound in the blue-green shadow’’ deep under the sea, whereas 
green algae predominate near the surface. Species with a high content 
of chlorophyll prefer shady sites, while species with comparatively pale 
leaves thrive in direct sunlight. These differences are usually treated as 
adaptation phenomena” — it is assumed that each class or species of 
plants has acquired in its phylogenetic development the pigments which 
are most suitable for its needs, in particular, for the most efficient ab- 
sorption of light for photos^mthesis. 

On the other hand, many plants are capable of individual variations 
of the pigment system. Unicellular green algae, for example, Chlorella, 
become deep green if grown in dim light, and light green if grown in 
strong light. Red Florideae become olive-brown, or even green, when 
exposed to direct sunshine. In some cases, these ^^ontogenetic” adapta- 
tions are slow and permanent, in others, they are comparatively rapid 
and reversible. The most striking case is ■ that of certain blue-green 
algae which change their color, chameleon-like, in response to variations 
in the color of light (cf. pages 424-427). 

The occurrence of similarly rapid changes , in the concentration of 
chlorophyll in the higher plants is a matter of controversy. Willstatter 
and Stoll (1918) found, in a much quoted experiment, that the chlorophyll 
concentration and the [a] : [b] ratio remain unchanged after an exposure 
of leaves to intense light for several hours (c/. Table 19.11). It is gener- 
ally assumed, mainly on the strength of this result, that the pigment 
system of the higher plants is invariable, except for the periods of rapid 
growth in spring and decomposition in fall. Recently, however, Bukatscli 
(1939, 1940) and Wendel (1940) have claimed that large diurnal variations 
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in the concentration of chlorophyll (doubling or trebling in the 'course 
of 2-3 hours!) may occur in many species, particularly those of alpine 
plants (^. Rumex alpinus^ and Adenostyles albifrons). The alpine 
species showed a minimum of chlorophyll at midday and a maximum in 
the morning, while lowland plants contained more chlorophyll in the 
middle of the day. Seybold (1941) doubted the correctness of Bukatsch's 
measurements because of their contradiction with the above-mentioned 
result of Willstatter and Stoll. Wendel has denied that such a contra- 
diction exists. He asserted that the “diurnal rhythm” can be observed 
also if the plants are kept in artificial darkness, so that this phenomenon 
(if at all real) is not directly related to photosynthesis but represents 
an example of diurnal periodicity in biochemical processes which defies 
explanation in terms of simple photochemical effects. (A similar example 
was encountered in chapter 10, when the periodic acidification of succu- 
lents was mentioned; and another vdll be met in volume II, chapter 26, 
when dealing with the so-called “midday depression” of photosynthesis). 

All adaptation phenomena — whether phylogenetic or ontogenetic- 
must be based on the effects of external factors on the rates of formation 
and decomposition of the pigments. The stationary concentration of a 
pigment — and of any other component of the living cell — is the result 
of a balance between formative and destructive processes. If a “sun 
plant” contains less chlorophyll than a “shade plant,” this means that, 
in the first organism, this pigment is formed more slowly (or destroyed 
more rapidly) than in the second one. However, we know as yet very 
little about the chemical mechanism by which the pigments are synthe- 
sized in the plants (c/. page 404) and next to nothing about the mechanism 
by which they are decomposed. We shall therefore treat the adaptation 
phenomena from the usual “teleological” point of view, that is, we shall 
consider that we have “explained” a certain variation in pigmentation 
if we can point out the advantage to the plant which may accrue from it. 

2. Phylogenetic Adaptation of the Pigment System 

The concept of phylogenetic adaptation of plants to the prevailing 
intensity and color of light has its origin in observations of the vertkal 
distribution of marine algae^ which is characterized by the predominance 
of the green C/iJorop%ceae in shallow waters and of the red Florideae 
in deep waters, with the hrovm Phaeophyceae in an intermediate position. 
Engelmann (1883, 1884) attributed this distribution to the adaptation 
of the algae to the predominant caJor of the light. Sunlight becomes blu- 
ish green after passage through several meters of water (c/, VoL II, Chap- 
ter 22). Consequently, plants living deep under the sea do not receive 
much light which could be absorbed by green chlorophyll (or by yellow 
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carotenoids). Fucoxaiitliol absorbs at least some green light, while the 
red phycoerythrin is eminently suitable for the absorption, of the spectral 
region transmitted by thick layers of sea water. 

In order to absorb efSciently the light transmitted by the surrounding 
medium, a pigment must have a color compleme7itary to that of the 
medium. Therefore, Engelmann called this phenomenon complementary 
chromatic adaptation, to distinguish it from mimicry, a chromatic adapta- 
tion ill which organisms acquire a color which Uends with the surround- 
ings. Oltmanns (1893, 1905) opposed Engelmann^s theory and suggested 
that the vertical distribution of algae is determined by the intensity, 
rather than by the color of the prevailing light. This controversy has 
continued for 50 years, and extended from the initial problem of algal 
distribution to two related problems: (a) the participation of phycobilins 
as sensitissers in photosynthesis (without which the chromatic adaptation 
of algae would have no raison d^Ure); and (6) the re-adaptation^^ of 
colored algae in artificial light. In this discussion, Gaidukov (1903, 
1904, 1906), Boresch (1919), Harder (1917, 1922, 1923), Ehrke (1932), 
Seybold (1934), and Montfort (1934, 1936) have supported Engelniann^s 
hypothesis, whereas von Richter (1912) and Sargent (1934), among 
others, have supported the concept of Oltmanns and denied the reality 
of chromatic adaptation (and incidentally also the capacity of the 
phycobilins to serve as sensitizers in photosynthesis). 

The discussion of ontogenetic re-adaptation is postponed to the next 
section of this chapter (page 424), and that of the active participation 
of phycobilins in photosynthesis — to which a positive answer seems 
certain — to volume II, chapter 30. As to the original problem. Harder 
(1923) was probably right in his suggestion that both intensity and color 
of light play a part in the adaptation of algae to deep waters. According 
to volume II, chapter 22, the light field in a depth of 20 meters is not 
only free from red and violet radiations, but is also reduced in total 
intensity by a factor of 20 or more. No wonder that deep sea algae are 
typical “shade plants, with a high content of pigments, and are sus- 
ceptible to injury when exposed to direct sunlight. However, the 
composition of the pigment system of these algae corresponds not only 
to the low general light intensity, but also to the relative weakness of 
red and violet rays. The situation is complicated by an interplay of 
heredity (which tends to impose on the organism a rigid composition of 
the pigment system) and of the capacity for individual variations, ■which 
tends to adjust the- pigments of a species or individual to. the concrete 
conditions under which it finds itself. Brown or red algae found on the 
surface often are almost pure green. According to Lubimenko (1926, 
1928), the comparison of red algae of one and the same species found at 
different levels shows a systematic increase in the : concentration of all 
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pigments with increasing depth — a typical ontogenetic intensity adapta- 
tion; while the comparison of species usually found at different levels 
shows an increase in the ratio of [phycoerythrin] : [chlorophyll] with 
increasing depth of their habitats — a typical example of phylogenetic 
chromatic adaptation. 

Among land plants, intensity adaptation is more important than 
chromatic adaptation because variations in the intensity of light are 
more pronounced than those in its spectral composition. Correspond- 
ingly, the land plants have not much nieans to change their color- 
variations in the ratio of [a] : [b] or of [carotenoids] : [chlorophyll] can 
cause a minor change in the absorption spectrum of the leaves, but can 
have no color effects comparable with those caused by phycocyanin, 
phycoerythrin, or even fucoxanthol in algae. 

The light intensity adaptation of land plants reveals itself in the 
existence of shade and sun species (^'ombrophilic^^ and ^^eliophilic^' 
plants). Lubimenko (1905, 1907, 1908, 1928) first pointed out the dis- 
tinction between these two types, both in the structure of their leaves 
and in the kinetic properties of their photosynthetic apparatus. Ombro- 
philic leaves are thinner and their chloroplasts are larger and richer in 
chlorophyll, so that the average concentration of chlorophyll is higher 
despite the more numerous chloroplasts of the heliophilic plants. Ex- 
amples of typical ombrophilic plants are Aspidistra elatior, with a chloro- 
phyll content of 0.40% of the fresh weight of the leaves, Tilia parvifoUa 
with 0.44%, and Theobroma cacao with 0.79%; typical heliophilic plants 
are Larix europea with 0.12%, and Pinus silvestris with 0.11% chloro- 
phyll In table 15.1 Lubimenko’s figures were quoted for the average 
chlorophyll content of several hundred species in the tropics, subtropics 
and temperate zones and the wider spread of the individual values in 
the tropics was pointed out. Lubimenko ascribed this to the extreme 
differences in the intensity of illumination to which plants are exposed 
in direct tropical sunlight and on the floor of the tropical forest. 

The pigment systems of plants associated with sun-exposed and 
sheltered sites were investigated by Harder (1933), Harder, Simonis, and 
Bode (1938), Seybold and Egle (1937, 19380, and Egle (1937). These 
workers found that the leaves of shade plants^' contain not only more 
total chlorophyll but also relatively more chlorophyll 6, and interpreted 
the latter phenomenon as a chromatic adaptation. 

It will be shown in volume II, chapter 22 that chlorophyll b can 
improve the utilization of light between 450 and 480 m/x; light of these 
wave lengths is comparatively abundant in the blue-green shade ’I of 
overhanging foliage. Egle (1937) called chlorophyll b “the typical 
shadow pigment.^^ Seybold and Egle (1938, 1939) found the average 
values of the ratio of [a]: [b] given in table 15. VIII. 
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Table 15.VIII 

Influence op the Light Field” on Pigments in Gbeen Plants 


Plant type or habitat 

Ia1:[b3 

1 M 1 [c3 

C[a]+[bl) 

CW+[c]) 

Alpine 

6.5 

4.6 

2.4 

Emersed, water 

4.4 

4.0 

3.0 

Sun-exposed, land 

4.36 

3.6 

3.1 

111 *^blue shade” (diffuse sky light) 

3.01 

5.5 

2.7 

111 '‘green shade” 

2.60 

5.3 

2.6 

Submersed, water ’ 

2.27 

5.7 

2.7 

Green algae 

1.39 

6.4 

3.15 


It was mentioned on page 405 that the systematic investigation of 
marine algae has revealed the limitation of the conception of the ratio of 
Ca]:[b] as an expression of chromatic adaptation. Instead of very 
large relative concentrations of chlorophyll b, almost all deep-sea algae 
were found to contain no chlorophyll b wdiatsoever. However, from the 
point of view of light absorption, the deficiency of chlorophyll b in brown 
algae is compensated for by the presence of fucoxanthol. 

Seybold and Egle (1938^) found that chlorophyll a is produced in 
light more rapidly than chlorophyll b, so that the ratio of [a]]:[b] can 
attain very large values in the first period of illumination of etiolated 
seedlings. The same factor may perhaps account for the larger stationary 
concentration of chlorophyll a in sun-exposed leaves. Willstatter and 
Stoll (1918) found, however, (as mentioned before) no indication of an 
increase in the ratio of [a] : [b] after 10-20 hours of intense illumination. 

The effect of environment on the concentration of the carotenoids 
and on the ratio of [chlorophyll] : [carotenoids] also has been probed by 
Rudolph (1934), Seybold and Egle (1937, 1938'*2), Simonis (1938), and 
Strott (1938). Seybold and Egle (1937) thought at first that ^'shade 
plants^’ contain relatively more carotenoids. Later (1938^), they found 
(c/. Table 15. VIII) that the ratio of ([a] + [b]:[x] + [c]) is not 
affected systematically by the intensity of illumination; but that the 
ratio of [x] : [c] is larger in shade plants, although less consistently so 
than that of [a]:[b]. Thus, the relative concentrations of the oxi- 
dized’^ pigments (chlorophyll h and the carotenols) are lower in plants 
adapted to strong light. The different composition of the carotenoid 
mixture in shade plants and sun plants can hardly be attributed to 
chromatic adaptation, since the substitution of luteol for carotene does 
not increase . the efficiency of light absorption, 

'Recently, Seybold (1941) suggested that chlorophyll b is associated 
' with starch production^ and absent from plants which form only soluble 
sugars, . The basis of this theory was the observation that Vaucheria^ 
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which almost alone among green algae does not contain any chlorophyll 5, 
is also characterized by the production of oil instead of starch. A 
review of algal families for primary starch production and chlorophyll h 
content brought no striking confirmations of this hypothesis but also no 
contradictions to it, Seybold then proceeded to investigate the chloro- 
phyll composition of monocotyledons which produce no starch (e. g,, 
members of the Allium family) and found a deficiency in chlorophyll i 
(while the ratio of [carotenol] : [carotene] and of [chlorophyll] : [carote- 
noids] did not show systematic deviations from the usual average). 


Table 15.IX 

Pigments op Several Monocotyledons 


Monocotyledon 

[a] ; [b] 

[x] : [c] 

(W+M) 

(W+lc]) 

Allium cepa 

6.5 

3.6 

3.4 

Allium fistulosum 

7.0 

2.6 

2.4 


9.3 

5.1 

2.1 

Asphodelus luteus 

9.5 

4.4 

2.2 

Iris germanica \ 

7.5 

3.7 

3.1 

Gladiolus 

4.4 

3.1 

3.8 


Seybold suggested that, even in dicotyledons, the gradation in the 
[a]:[b] ratio with light exposure, illustrated by table 15. VIII, may be 
associated with a gradation in the capacity for starch synthesis. This 
conclusion awaits confirmation by more extensive experimentation; even 
if confirmed, it would not in itself disprove the earlier theory of Seybold 
and Egle that the increased concentration of chlorophyll b is the result 
of chromatic adaptation to weak bluish light, since heliophilic character 
and absence of starch production may sometimes go hand in hand. 
However, the adaptation theory would have to be discarded if one ac- 
cepts also Seybold^s suggestion that chlorophyll b does not partici- 
pate in photosynthesis at all, but is a specific sensitizer for the photo- 
chemical polymerization of sugars to starch; but (as mentioned on 
page 150) we consider this suggestion highly implausible. 

3. Ontogenetic Adaptation of the Pigment System 

The capacity of individual organisms to adjust themselves to external 
conditions is superimposed upon their hereditary inclination to produce 
a certain pigment mixture. These individual adaptations extend to 
both quantity and spectroscopic quality of the pigments. As in the 
case of phylogenetic adaptation, the most spectacular example is provided 
by colored algae. Engelmann and Gaidukov (cf. Engelmann and 
Gaidukov 1902, and Gaidukov 1903) found that the color of these 
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algaCj particularly of some species of Cyanophyceaej can be cbaiiged by 
illumination with colored light. 

As mentioned above, this phenomenon became the subject of a 
protracted controversy. Engelmaiin did not doubt that it was due to 
‘^complementary chromatic adaptation.’^ The algae became green in 
red light, blue in green light, yellow in blue-green light, and blue in 
yellow light. These changes occurred only in living cells, and were 
different from (often opposite to) the discoloration effects observed in 
dead cells and pigment extracts. The color acquired in a certain colored 
light often was maintained for months in white light. In a later paper, 
Gaidukov (1906) described the rapid chromatic adaptation of Phormidimn 
tenue (blue) and Porphyra laciniata (red) when placed on the plate holder 
of a spectrograph and illuminated with the light of a carbon arc. Ten 
hours were sufficient to produce a complete change in color. 

The conclusions of Gaidukov were confirmed by Boresch (1919, 
1921), who repeated the experiments because he thought that his own 
studies, as well as those of Schindler (1913) on color changes induced in 
algae by nitrogen or iron deficiency, made the interpretation of Gaidu- 
kov’s experiments doubtful. However, worldng under controlled condi- 
tions of nutrition, Boresch (1919) confirmed the occurrence of chromatic 
re-adaptation, although only a few out of a large number of species 
investigated by him showed this phenomenon. While Gaidukov origi- 
nally thought that color variations reflect changes in the nature of the 
pigments, Boresch ascribed them to changes in their relative concentrations ^ 
particularly in the ratios of the different forms of phycocyanin. Mothes 
and Sagromsky (1941) found that the diatom, Chaetoceras^ changes from 
dark brown in green light to yellow in red light, and that this change is 
caused by a shift in the [chlorophyll] : [carotenoid] ratio; a similar 
change was observed in Chlorella. 

Extension of the theory of Berthold and Oltmanns from algae living 
in different depths to algae in differently colored artificial light led 
some investigators to the belief that, in the latter case, too, intensity of 
light rather than its spectral composition is responsible for the color 
changes. This problem was studied, by Nadson (1908), Harder (1917, 
1922, 1923), and Sargent (1934). Nadson found that Cyanophyceae 
become yellowish brown in direct sunlight, and regain their blue color 
in the shadow. Harder (1922) found that, although change is correlated 
with the color of the light, as suggested by Engelmann and Gaidukov, 
a certain minimum intensity is required to bring it about. Harder 
thought that the individual re-adaptation of algae, similar^ to their 
phylogenetic adaptation, is a combination of intensity adaptation and 
chromatic adaptation; algae may respond with color changes to changes 
in either color or intensity of light, thus using the same regulating 
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mechanism for two different purposes. Sargent (1934), on the other 
hand, denied that the color of light has any importance at all and asserted 
that algae respond in the same way to changes in intensity of light of 
any color. Gloeocapsa montana, for example, becomes blue in weak 
light and yellow (or light green) in strong light — ^whether this light be 
blue or green. 

Despite Sargent's experiments, it appears illogical to deny the exist- 
ence of any other but intensity adaptation. The development of red 
pigments in algae living in the blue-green light filtered through thick 
layers of sea water is so obviously a reaction to the color rather than to 
the low intensity of illumination that the existence of chromatic adapta- 
tion seems proved beyond doubt by this fact alone. The recent con- 
firmation of the availability for photosynthesis of the light energy ab- 
sorbed by the phycobilins (c/. VoL II, Chapter 30) removes the last 
objection which could be raised to Engelmann's concept — the doubt con- 
cerning the practical usefulness of chromatic adaptation for the photo- 
synthesis of algae. 

On page 430, we shall find indications that formation of chlorophyll 
and of the carotenoids proceeds most rapidly in the light absorbed by 
these pigments themselves. The photochemical decomposition of each 
pigment also will occur most eflSciently in the light absorbed by it. The 
combination of photochemically autocatalyzed pigment synthesis with 
photochemical decomposition may be the basis of both chromatic and 
intensity adaptation; but we can expect a more detailed understanding 
of the mechanism of these phenomena only from a quantitative study, 
using truly monochromatic (instead of filtered) light and calculating 
(as precisely as possible) the absorption of energy by each pigment 
(c/, VoL II, Chapter 22). 

To sum up, both chromatic adaptation and intensity adaptation 
appear to be real phenomena, even though the superposition of both, 
together with the influence of heredity, lead to a confusing variety of 
phenomena. Although Engelmann's far-reaching conclusions were based 
on an apparently insuflScient experimental evidence, his intuition has 
proved correct. The intensity adaptation of Oltmanns and Lubimenko 
provides a corollary, but not an alternative, to Engelmann's chromatic 
.adaptation.- 

The advantages of chromatic adaptation for plants will be discussed 
in volume II, chapter 22, in terms of additional energy available to the 
plants because of their content of chlorophyll b, carotenoids, and phyco- 
bilins, and in volume II, chapter 30, in terms of the contribution to 
photosynthesis of the light absorbed by these pigments. 

It has been asked whether nature's choice of chlorophyll as the 
main sensitizing pigment in photosynthesis itself is a chromatic adapta- 
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tioiij that is, whether the absorption spectrum of the green pigment is 
particularly suitable for this purpose. Timiriazev (1883), in particular, 
saw a proof of this adaptation in the (alleged) coincidence of the absorp- 
tion peak of chlorophyll with the intensity peak of the solar spectrum. 
He has been rebuked by Engelmann (1884), because only by an arbitrary' 
interpretation of the solar energy distribution curve (cf, Vol. 11, Chapter 
22) can the maximum of the latter be placed near 670~"680 niju. (This 
criticism did not prevent Timiriazev and his pupils from continuing to 
assert that the coincidence of the absorption maximum of chlorophyll 
with the intensity maximum of the sun spectrum is a striking argument 
in favor of Darwinian theory.) 

A more elaborate attempt to explain the color of plants as the result 
of chromatic adaptation was made by Stahl (1909), who suggested that 
the existence of the two absorption peaks of chlorophyll — one in the red 
and one in the violet — is particularly favorable because of the two types 
of illumination to which the plants are subjected — direct sunlight with 
its maximum in the yellow ^ and sky light with its maximum at the violet j 
end of the visible spectrum. Stahl attributed the fact that the first 
absorption maximum of chlorophyll lies in the red rather than in the 
yellow to the desire of the plant to balance the light energy absorbed in 
the sun and in the shade. An absorption maximum too near the intensity 
maximum of the sun would cause the absorption of an excessive amount 
of energy, thus leading to overheating and injury. However, an equally 
ingenuous explanation could probably be found for any other arrangement 
of the absorption bands. Such speculations can be answered simply by 
pointing out that the intensity of sunlight changes comparatively slightly 
over the whole visible spectrum, and that average leaves absorb 50 to 
80% of the light throughout this whole region (c/. figures in Chapter 22, 
VoL II). The only spectroscopic property of chlorophyll — apart from the 
basic fact that it is a pigment — ^v^hich could be considered as especially 
favorable for its function in the plants is transparency in the near infra- 
red. This transparency prevents the cells from absorbing light which 
would be useless for photosynthesis (because of the insufficient energy 
content of its quanta). For the rest, the choice of chlorophyll as the 
main pliotos 3 mthetic pigment must be due to its photochemical properties 
rather than to, its absorption spectrum- 

4, Influence of Different Factors on Pigment Formation 

A higher plant, growing from seeds, must synthesize all its pigments 
(except for a small quantity of carotenoids available in the seed). ; The 
pigment synthesis is a' complex process, and what is usually observed , is 
only the last stage, the ^^greeni,ng,’’ f. c., the transformation of a colorless 
precursor into the pigment. The efficiency of pigment synthesis — 
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and thus indirectly also the stationary concentration of the pigment in 
the mature plant — depends on a number of chemical and physical factors. 

(a) Nutrient Elements 

The absence of certain nutrient elements makes plants chlorotic^ 
that is> deficient in chlorophyll. Among these are potassium ^ nitrogen, 
and magnesiuMj as well as the heavy metals, iron and manganese. These 
effects were mentioned in chapter 13, in the discussion of inhibition and 
stimulation of photosynthesis by inorganic ions. It was stated there 
that deficiencies in mineral nutrients may produce both a direct and an 
indirect inhibition of photosynthesis. The first is removed immediately 
by the supply of the deficient element, while the second one, being 
associated with chlorosis, can be remedied only more slowly by the 
increased formation of chlorophjdl (and probably also of other catalytic 
components which are deficient in the photosynthetic apparatus of chlo- 
rotic plants). 

Potassium. — An inadequate supply of potassium causes chlorosis, but 
an excessive quantity of this element may have the same effect if the 
supply of nitrogen is not large enough. These interrelations between 
potassium and nitrogen fertilization, investigated by Gassner and Goeze 
(1934) and Eckstein (1939), among others, were mentioned in chapter 13. 
According to Pirson (1937, 1938, 1940), rubidium is only an imperfect sub- 
stitute for potassium in relieving chlorosis, while sodium or cesium cannot 
be used as substitutes at all {cf. page 337). 

Nitrogen. — Nitrogen deficiency also causes chlorosis (c/., for example, 
Pirson 1937). Fleischer (1935) used varying degrees of nitrogen de- 
ficiency to produce Chlorella cells with different contents of chlorophyll. 

Magnesium. — This element is present in chlorophyll, and its complete 
absence in the diet must inevitably lead to chlorosis. Emerson and Ar- 
nold (1929) used magnesium-deficient nutrient solutions to produce Chlo- 
rella cells with a low chlorophyll content. Fleischer (1935) and Kennedy 
(1940) confirmed these results, and also found that much more magnesium 
is required to bring about the full rate of photosynthesis of Chlorella {cf. 
page 337) than to prevent chlorosis. The influence of magnesium on 
chlorophyll has also been investigated by Mameli (1918) and Zaitseva 
(1929). 

Iron. — The chlorosis of iron-deficient plants is a well-known fact, but 
no satisfactory explanation of the necessity of iron for the formation of 
chlorophyll has as yet been given, Pollacci and Oddo (1915), Oddo and 
Polacci (1920), Polacci (1935), and Lodoletti (1938) asserted that both 
phanerogams and algae can produce chlorophyll in iron-free nutrient 
solutions if they are supplied with a-pyrrole carbonate, and concluded 
that iron is only necessary for the synthesis of the pyrrole group; but 
Deuber (1926), Godnev (1927), and Aronoff and Mackinney (1943) were 
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unable to confirm these conclusions. Hill and Lehmann (1941) found 
that changes in the chlorophyll content of leaves with the season of the 
year are preceded by changes in their content of iron. Boresch (1913, 
1921) observed that iron deficiency also has a chlorotic effect on 
phyceae^ affecting both the chlorophyll and the phycocyanin contents. 

Other heavy metals.— The importance of manganese for the forma- 
tion of chlorophyll was asserted by McHargue (1922), Bishop (1928), 
and Ulvin (1934). Pirsoii (1937), on the other hand, observed no chloro- 
sis in Chlorella cells grown in the absence of manganese, even though the 
photosynthesis of these cells was inhibited (cf. page 338). Hoffman 
(1942) found a stimulating effect of uranium on the greening of seeds. 

( 6 ) OxygeUj Water , and Sugars 

The role of oxygen in greening has been investigated by Gortikova 
and Lubinieiiko (1934) and Gortikova and Sapozihnikov (1939), who 
based their studies on Lubimenko^s theory of greening as an oxidation 
process (cf. page 431). They found that the greening of etiolated wheat 
plantules does not occur in absence of an oxidant, but that molecular 
oxygen can be replaced, for example, by 2,6-dichlorophenol-indaphenol. 
Gortikova and Sapozhnikov (1940^) have studied the influence of water 
on this process. 

With the oxidation theory of Lubimenko as a guide, Gortikova and 
Sapozhnikov (19400 also have investigated the effect of sugars on greening. 
They observed a retardation of greening by some of these compounds 
and attributed it to their reducing power. However, this hypothesis 
does not explain why glucose and fructose had almost no effect, while 
sugars not usually present in the plant, e. g., galactose, arabinose, and 
particularly mannose, produced a strong inhibition, as illustrated by 
table 15.x. 

Table 15.X 

Effect of Sugaks on Greening 
(milligrams clilorophyli synthesized within a given period of time) 


Sugar concentration., % 

0 

0.1 

0.5 

3 


Fructose 

100 

98 

99 

98 


M.aniiose 

168 

100 

62 

12 



(c) Light and Heat ' 

Seedlings of the higher plants, sprouted in darkness, remain colorless,; 
etiolated,^ ^ but .begin, to turn green immediately upon being brought 
into .light.' This phenomenon has been much studied, and there is,. no 
doubt that the formation of chlorophyll in 'etiolated plants is a photo- 
. chemical reactio.n. However, as early as 1885, S.chimper discovered 
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that lower plants (up to the Bryophyta) are capable of synthesizing 
chlorophyll without the help of light. Myers (1940) found no difference 
between the composition and photosynthetic efSciency of the pigments 
formed by Protococcus and Chlorella in darkness and in light. The 
capacity for chlorophyll synthesis in the dark extends also to conifers 
(see, for example, Lubimenko 1928, and Seybold and Egle 1938), although 
light accelerates the formation of chlorophyll in them, as is illustrated by 
table 15.XL 


Table 15.XI 


Rate of Greening (after Lubimenko) 



1 Formation of chlorophyll in 

1 ■ ' 

Seedlings 


Light filtered through paper 



Direct light 



Darkness 



2 sheets 

6 sheets 


Pine 

100 

72 

46 

25 

Wheat 

100 1 

90 

53 

0 


The rate of formation of chlorophyll depends not only on the intensity 
of light, but also on its spectral composition. Emerson and Arnold 
(1932) and Emerson, Green and Webb (1940) used light of different 
color to effect the grow^th of Chlorella cells with varying contents of 
chlorophyll According to Sayre (1928), Rudolph (1934), Seybold and 
Egle (1938^), Simonis (1938), and Strott (1938), the synthesis of chloro- 
phyll occurs in red light more rapidly than in blue or green light of the 
same intensity. This phenomenon deserves a closer study. The higher 
efficiency of red light may be due to its absorption by a chlorophyll 
precursor, or it may be the result of an autosensitization’’ by the 
reaction product (chlorophyll), i. e., to a photochemical counterpart to 
autocatalysis. 

Johnston (1932) found less chlorophyll in plants grown in red light; Lease and 
Tottingham (1935) noted that the chlorophyll production increased when blue-violet 
light W’as added to red light; and Stoklasa (1915) asserted that the formation of chloro- 
phyll occurs more rapidly in ultraviolet light than in visible sunlight. 

Lubimenko and Hubbenet (1932) have studied the effect of tempera* 
ture on the rate of formation of chlorophyll, and have found a tenfold 
increase between 5® and 15° C., and an increase by a factor of 1.5-2 
between 18° and 28°. They associated this influence of temperature 
with the enzymatic transformation of leucochloroph^dl into chlorophyllo- 
,gen :((^, page 404). '' ■ ■ ■ 

The development of carotenoids is also affected by light. According 
to Strain (1938), seeds contain almost no carotene but several carotenols. 
On the other hand, Seybold and Egle (1938) found both carotene and 
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the caroteiiols in chromatograms of pigments from squash seeds. Ac- 
cording to Seybold and Egle, the carotenols in etiolated seedlings are 
W' developed in white light more quickly than are the carotenes. Eudolpli 
■' (1934) and Simonis (1938) found that the carotenoids are formed in 
bhxe light more rapidly than in red light; again, as in the case of chloro- 
phyll, this might be due either to the position of the absorption bands 
of the “precursors/^ from which the carotenoids are formed, or to an 
“aiitosensitization” by the pigments themselves. Simonis found that, 
in Modea grown in red light, the ratio of ([a] + [b]):([x] + [c]) is 
23% larger than in a similar plant groivn in blue light. Strott (1938) 
disagreed with Rudolph and Simonis, and asserted that not only chloro- 
phyll but also the carotenoids are formed in red light more efficiently 
than ill bind light of the same intensity. 

The chemical nature of the processes which lead to the pigment formation is a 
matter of conjecture. It was mentioned on page 404 that Preisser fu-st assumed, a hun- 
dred years ago, that chlorophyll is formed by oxidation, and Lubimenko (1928) suggested 
that the formation and decay of pigments in green leaves is connected with changes in 
the oxidation-reduction potential. Lubimenko found a steady increase in ‘^leroxi- 
dase activity” (?) of leaves with age, and considered this development as character- 
istic of the oxidation state of the cell At first, in young leaves, this activity is low, 
and the pigment system is in an almost colorless, ‘‘reduced,” state; later, the activity 
increases, and the pigments pass one after another into the colored, “oxidized,” state; 
in autumn, the pigments are oxidized further and are converted into colorless products. 
The stationary concentration of pigments in summer leaves corresponds to a certain 
favorable “intensity of oxidation, processes,” which strikes the balance between the 
rates of oxidation of a chlorophyll precursor to chlorophyll and of chlorophyll to a 
colorless oxidation product. This balamce is maintained, according to Lubimenko, by 
a “protective reducing substance,” allegedly present in the chloroplasts, which he calls 
“antioxidase.” 

Liibimenko^s picture of a continuous oxidation process, in which the colored pig- 
ments form a transient stage, as well as his assumptions concerning the functions of 
the colorless leucophyll and the pigments chlorophyllogen and protochlorophyll (illus- 
trated by the scheme on page 404), may be plausible, but have as yet not much experi- 
mental .foundation. 

It was mentioned on page 405 that, if protochlorophyll is a precursor of chlorophyll 
(which is by no means certain), the last stage in chlorophyll synthesis is a redudimi 
rather than oxidation, 

(ci) Heredity 

Albinism is an hereditary characteristic subject to the laws of Mendel. 
It would lead us too far to discuss here the relation of chlorophyll de- 
ficiency to heredity. We may refer, however, to the work of von. Euler 
. and coworkers (1929-1935), who found a close relationship between the 
iiiheiitaiice of. chlorophyll and of catalase. Chlorophyll-deficient mu-, 
taiits have been regularly found to be catalase-deficient as well. A 
certain, but less uniform, relationship apparently exists also between the 
inheritance of chlorophyll and of the carotenoids. 
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CHLOROPHYLL 

A. Moleculae Structure’^ 

!• Historical Remarks 

The part played by chlorophyll in the pigment system of plants has 
been described in chapter 15. The gradual unveiling of the structure of 
this compound, one of the most important in nature, is an admirable 
example of patient systematic work in organic chemistry. The versatile 
genius of Berzelius, who in Ms long life analyzed, or tried to analyze, 
every compound which came into his hands, stands at the beginning of 
this development, a little over a century ago (1838). The ease with 
which chlorophyll decomposes and the difficulty of its purification, have 
led to many initial errors in its analysis. An important step forward 
was the realization of the similarity between chlorophyll and hemin, the 
red blood pigment, first suspected by Verdeil in 1851, and later confirmed 
by Hoppe-Seyler (1879, 1880, 1881), who transformed chlorophyll into 
a red porphyrin” similar to those obtainable from hemin. However, 
further progress in the elucidation of the chemical structure of both 
chlorophyll and hemin remained slow, until the subject was taken up by 
Willstatter in 1905. His fundamental work has been developed further 
by Stoll in Switzerland, Conant in America and, most persistently and 
successfully, by Hans Fischer in Germany. 

The investigations of Willstatter and his coworkers (published in twenty separate 
papers between 1905 and 1913), were summarized by Willstatter and Stoll in their 
well-known book, Untersuchungen uher Chlorophyll (1913, American edition 1928). A 
second book by the same authors, Untersuchungen uher die Assimilation der Kohlensdure^ 
appeared in 1918; it described the work carried out during the war years of 1914 to 
1918 and not published elsewhere, and dealt with the state of the pigments in nature 
and their participation in photosynthesis. It has been repeatedly quoted in the pre- 
ceding chapters. 

The ionvtQ&n Studies in the Chlorophyll Series of Conant and coworkers appeared 
in 1929-1934. The results of Fischer and coworkers were presented in a series of 
papers, Zur Kenntnis des Chlorophylls j the first published in 1928 and the hundredth in 
1940; closely related to this series is another one, Die Syidhese der Porphyrins. Short 
summaries were given by Fischer in 1936, 1937, and 1940, A complete review by 
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Fischer and Stern., is in the second volume of Chemie des Pyrrols (Fischer and Orth 
1940). .Other reviews of cMorophyll chemistry have been given by, Marclilewski 
(1904), Tswett (1910), Treibs (1932), Linstead (1935; 1937), Stoll and Wiedemann 
(1938), .and Steele (1937, 1943). 

The fundamental work of Willstatter and the systematic painstaking 
research of Fischer rank among the outstanding contributions to the 
organic chemistry of natural compounds, and have been recognized as 
such liy the award of the Nobel prize to Willstatter in 1915 and to 
Fischer in 1930. 

The scope of the present book does not permit a detailed discussion 
of the results obtained in the chemical studies of chlorophyll and its 
derivatives; we must be content with a few fundamental facts and 
hypotheses. Coiiseqiieiitly, w^e shall refrain from quoting original papers, 
and refer the reader to the above-mentioned comprehensive presentations 
of the subject; a complete bibliography can be found in the book of 
Fischer and Stern. 

2. Structural Formula 

We mentioned in chapter 15 that chlorophyll of the higher plants and 
green algae consists of two components, chlorophyll a and chlorophyll h, 
distinguished by their spectra, and separable because of tlieir different 
solubilities and adsorbabilities. Colored algae contain no chlorophyll &, 
whose place seems to be taken by two related pigments, ‘‘chlorophyll 
in brown algae and diatoms, and “chlorophyll in red algae (c/. Chap- 
ter 15, page 406). The composition of these two pigments is as yet 
unknown. That of the two original chlorophylls is as follow^s: 


chlorophyll a: C 5 sH 720 {iN' 4 Mg; mol. wt. 893\ ^ 
chlorophyll b: C&5H7o06N4Mg; mol. wt. 907 j 


ater-free (cf, page 450) , 


This composition was established by Willstatter and co workers; previ- 
ously, iron and phosphorus had often been mentioned as probable 
components of cliloropliylL Willstatter found that the chlorophylls are 
esters of two dibasic acids which he called chlorophylUns: 

chlorophyilin a: CjsHsoONiMg (COOH )2 
chlorophyllm 6: a2H2802N4Mg (G00H)2. 

The esterifying alcohols are methanol (CH3OH) and phytol{C 2 QMz^O'S.), 
The latter is a long-chain alcohol with one double bond; its structure 
(Formula 16.1) has been confirmed by synthesis by F. G. Fischer and 
Loweiiberg (1929). 

The arrangement' of methyl groups in phytol shows a relation to isoprene. The 
chain, length (C 20 ) is one-half, that of the carotenoids; a genetic relationship , of phytol 
to these compounds has often been postulated. However,, in contrast to the carotenoids, 
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pliytol is an almost saturated compound and, because of the absence of conjugated 
double bonds, it is a colorless oil, not a pigment. The same factor deprives the phytol 
molecule of rigidity; it can be twisted or bent without strain. 


CHs cm CH 2 CH 2 


CH 
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IH, 


i. 


IH, 
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CH2 CH2 


IHa 


C=CH— CH2OH 


•^TJ 


Formula 16,1, Phytol (C20H39OH). 


The two chlorophylls can be formulated as phytylrmethyl chlm-o- 
phyllides: 

GjoHjgOO*^ CgoHssOO 

C32ll3oON4Mg C32il2802N4Mg. 

CHsOc/^ CHsOO"^ 

chlorophyll a chlorophyll h 


Willstatter found that plants contain an enzyme, chlorophyllasej which, 
in the presence of methanol or ethanol, causes the exchange of phytol 
for these short-chain alcohols {cf. Chapter 14, p. 377). The resulting 
products, the methyl {or ethyl) chloroyhyllides, are more easily crystalliz- 
able than the chlorophylls, but similar to them in many other properties, 
e, g,y spectrum. (Borodin 1882 and Monteverde 1893, first described 
them as crystalline chlorophyll.’ ’) 

Experiments on the degradation of chlorophyll have shown that 
chlorophyUin contains four pyrrole nuclei: 


nli 



\ / 


N 

H 


Formula 16.11 , 


Pyrrole (C4H5N). 


and one atom of nonionizable magnesium j probably situated in the center 
of the molecule. The oxygen atoms unaccounted for by the two carboxyl 
groups belong to carbonyl groups (one in chlorophyll a, two in chloro- 
phyll &). 

* It has been mentioned that a relationship between chlorophyll and 
hemin has been considered probable since the time of Verdeil (1851). 
Willstatter showed that hemin, too, contains four pyrrole nuclei, arranged 
around an iron atom. Apart from this difference in metal, the formula 
of chlorophyUin a differs from that of hemin only by one additional 
oxygen atom. In 1913, WiUstatter and Stoll rejected as improbable a 
structural formula of hemin, suggested a year earlier by Kiister (1912), 
which later proved to be fundamentally correct. It showed the four 
pyrrole nuclei linked by four ==:CH — bridges into one large ring system. 
Willstatter and Stoll thought that a closed ring containing twelve carbon 
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atoms, and four nitrogen atoms would not be stable enough; but subse- 
quent experiments have shown that this structural unit occurs not only 
in hemiii anti chloroph 3 dl, but also in many other natural compounds, 
and, with a slight alteration (nitrogen atoms instead of CH— groups), 
in the very stable .synthetic dyes of the phthalocyanin class, 

We cannot discuss here the development of Kiister^s scheme into a 
complete structural formula of chloroph\dl. Formula,, 16.III, is the 
latest fo,rmiilatioii of Hans Fischer (1940), accepted by most workers in 
the field of chlorophyll chemistry. The three alternative structures, 4., 
B and C7, differ only in the routing of the eighteen-m,embered, aro- 
matic^'' (t. e., all-around conjugated) system of alternating single and 
double bonds (designated b,y heavy lines) and in the direction of mag- 
nesium-nitrogen bonds (which is determined by this routing). 

Ill formula 16.III, the four pyrrole nuclei numbered I, II, III and 
IV, are linked by CH— bridges o;, 7 , 6 . An additional homocyclic 

(cyclopentaiioiie) ring, V, carries a carbonyl oxygen in position 9, an.d a 
methanol-esterified carboxyl group in position 10 ; nucleus I carries a 
vinyl group, and nucleus IV a propionic acid side chain esterified by 
ph 3 ^toL Other substituents are ethyl and methyl groups. In chlorophyll 
5, the methyl group in position 3 is replaced by metlioxyl. 

An important characteristic of formula 16.III is the presence of two 
hydrogen atoms in positions ’Land .SJn nucleus IV. Partial hydrogena- 
tion of the double-bond system in chlorophyll was first suspected by 
Conant (on the strength of spectroscopic analogies), as well as by Stoll, 
and confirmed b}" Fischer by the observation of the optical activity of 
chlorophyll and its derivatives, which proves the presence of an as^^m- 
metric carbon atom. In chlorophyll itself, this could be atom 10, but 
activity is retained also chlorophyll derivatives deprived of the side 
chain in position 7 ; thus, the asymmetry must lie in one of the pyrrole 
nuclei. This means that at least one ring carbon must be free from 
do.uble bonding. 

'-■ The presence of two hydrogen atoms in nucleus IV reduces the 
number of double bonds in the nuclear system of chlorophyll to ten (as 
against 11 in the porphyrins); but an eleventh C==C bond is present in 
the vinyl side, chain* In Fischer's earlier work (1937), the two ^^extra" 
hydrogen atoms were placed in positions 5 and 6 in nucleus III, (Spec- 
troscopic data which favored this assignment will be' given in, Volume , II, 
Chapter 21); but later (1940), Fischer decided, on the basis of observa- 
tions on the oxidative degradation of chlorophyll, that the hydrogenated 
nucleus must be nucleus 'IV. 

Of the ten double bonds in the ring system of chlorophyll, nine,,- form 
a closed conjugated system of the '^aromatic'' type (indicated by heavy 
lines), while the tenth iS' in a ^'one-sided'’ conjugation with it (a position 
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similar to that of the vinyl group). The location of this ^^semi-isolated 
double bond distinguishes formulations A, Bj and C. Each of these for- 
mulae represents two structures, analogous to the two Kekule structures 
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B. Semi-isolated double bond in 
nucleus III ; Mg bound to nuclei I and nucleus II; Mg bound to nuclei I and 
11. ' III. 
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C. Semi-isolated double bond in 
nucleus I; Mg bound to nuclei II and 
III 

Formula 16.111. 

Chlorophyll a structure according to Hans Fischer. A, B, and C are three isomeric 
(or mesomeric) structures distinguished by the routing of the all-round conjugated ring 
sptem (heavy line), and the position of the **semi-isolated’^ double bond and the direc- 
tions of the Mg— N bonds which depend on this routing. 

The asterisk designates the position of a carbonyl group in chlorophyll h. 


of benzene. These pairs of structures are ^^mesomeric,^^ they 

correspond to the same spacial arrangement of atomic nuclei, and differ 
only in the distribution of electrons. In such cases, the true structure 
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of the iiiolecule can be described, according to the quantum theory, as a 
“mixture’^ of the two niesom, eric forms, and the heavy lines in 16.III 
represent equivalent bonds of an average strength of about 1.5. 

One could ask wlietlier structures .4, B, and C too, are mesomeric. 
The answer depends on whether the magnesiuna is situated exactly in 
the center of the molecule, and whether the equilibrium configurations 
of all pyrrole nuclei are the same. If, in A and C, the equilibrium 
position of the magnesium atom were closer to those two nitrogen atoms 
to which it is bound by true valency bonds, this should prevent meso- 
merism. However, from the probable size of the central ^^hole'^ and 
the radiusmf magnesium in atomic binding (c/. page 448), there appears 
not to be enough space for magnesium to be markedly displaced from 
the central position; consequently the magnesium-nitrogen bonds prob- 
ably can be switched from nitrogen to nitrogen without a change in the 
position of the nuclei, and thus do not interfere with mesomerism. 

However, Kscher suggested that structure A is more stable than B 
and C, because, in the latter, ring V is under strain. This implies that 
the equilibrium configuration of the pyrrole nucleus with the semi- 
isolated double bond is different from that of the other two nuclei. If 
this difference is real, a mesomerism of structures A, J5, and C becomes 
impossible. 

The question of differences between the structures of the four pyrrole 
nuclei in chlorophyll was debated between Haurowitz (1935, 1938) and 
Fischer and Stern. Haurowitz argued in favor of a “ biradical formula 
with a symmetrical all-round conjugated double-bond system (as in 
16. VII and of all four pyrrole nuclei being in the same state. Since 

we assumed that nucleus IV contains two extra hydrogen atoms, the 
biradical formula is impossible, and the controversy reduces itself to the 
question of identical or different structure of the three nonhydrogenated 
nucleij I, II, and III. 

Stern presented evidence that the introduction of certain substituents 
(e g,, carbonyl) ' has a different effect on the spectrum, depending on 
whether they enter nucleus I, II, or III, and saw in this a proof of their 
different double-bond structure (cf. however, Aronoff and Calvin 1943), 
Although one may argue (with Haurowitz) that this difference arises 
only after the introduction of the substituents, we are inclined to agree 
with' Fischer and Stern that the semi-isolated double bond is localized 
in one of the three pyrrole nuclei. However, in trying to identify this 
nucleus, we find that Stern^s spectroscopic evidence favors nucleus TI 
(structure B),' while Fischer’s stability considerations point to nucleus' 
III (structure A). The spectroscopic data (discussed in more detail in 
Chapter 21, Volume II) show a similarity between nuclei I and III, 
as opposed to nucleus II,' which is best expressed by formula 16.III 
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A comparison with the structure of bacteriochlorophyll (Formula 16.IV) 
also speaks in favor of formulation B, since the semi-isolated double bond 
(3-4 in structure B) offers itself as a natural location of the next hydro- 
genation step. Another argument in favor of structure B is the absence 
of a large dipole moment — ^which should be present if two polar mag- 
nesium-nitrogen bonds would not point in opposite directions. (Of 
course, this fact can also be explained by nonlocalized magnesium-nitrogen 
bonds, i. e., by a mesomerism of structures A, B, and C). 

To sum up, it seems that, if one must choose between the structures A, 
B, and C as isomers (and not mesomers), evidence speaks in favor of 
structure B rather than A. The other two structures may correspond 
to tautomers with a slightly higher energy. One is free to speculate on 
a possible relationship between/these structures and the chlorophyll 
isomers a', h', and d', described by Strain and Manning (c/. page 403). 

In a complete analysis of the ground state of the chlorophyll molecule, 
many more mesomeric structures should be considered, e. g., those with 
the magnesium atom bearing a positive charge (according to Pauling, 
a Mg-N bond is about “50% ionic”)) as well as structures with positive 
nitrogen and negative carbon. 

The ionic contribution to a carbon-nitrogen single bond is only about 6 %; but in 
the case of pyrrole, Pauling estimated a 24% contribution of the four ionic structures: 
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The keto group in the homocyclic ring V can be enolized by the 
hydrogen atom in position 10. This tautomerism probably accounts for 
some chemical reactions of chlorophyll, particularly in alkaline media. 

3. Bacteriochlorophyll and Protochlorophyll 

The haderiochloTophyll of purple sulfur bacteria was investigated by 
Schneider (1934) and in more detail by Fischer and coworkers (1940). 
According to Fischer, it differs from chlorophyll a by oxidation of the 
vinyl group, — CH==CH 2 , in position 2 to an acetyl group, — CO — CHs, 
and the hydrogenation of a second double bond in one of the pyrrole 
nuclei, probably the one in position 3“4 (c/. Formula 16.1 V). This 
makes bacteriochlorophyll formally a hydrate of chlorophyll a, with the 
composition, CBsHTdOeN^Mg. Hydrogenation of nucleus II fixes the 
conjugated double-bond system in bacteriochlorophyll in the ^ diagonal” 
arrangement shown in formula i6.IV, and makes this compound appear 


PO'BPHINSj CHLOBINS, PHOBBIKS, PHYTMS, PHYLI^INS 


''445"' 


as the hydrogenation product' of chlorophyll .a in the form 16.111 B. 
Bacteriocliloropliyll.caii easily be oxidized, with the. removal of the two 
excess hydrogen atoms in positions 3 and 4, ' giving 2-acetyi-chloro- 
phyll. a. Fischer and Stem (1940) suggested that this compound, with 
a structure iiiter.media.ry between bacteriochlorophyll and ordinary 
chloropliyii, may be identical with hmterioviridin^ the natiu’al pigment of 
green sulfur bacteria. 
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Formula 16 JV. 

Bacteriochlorophyll structure 
according to Hans Fischer. The 
routing of the all-round conjugated 
system is fixed by the hydrogenation 
of a second nucleus (nucleus II, 
positions 3 and 4). 


Formula 16. V. 

Protochlorophyll structure after 
Hans Fischer. (One of six possible 
structures distinguished by the routing 
of the conjugated double bond system; 
the structure represented here is the 
one derived from structure B in for- 
mula 16.III). 


Protochlorophyllf whose possible role in the synthesis' (or decomposi- 
tion) of chlorophyll in nature was discussed in chapter 15 (page 404) is, 
according to Fischer (1940), an oxidation product of chlorophyll a, with 
the two hydrogen atoms in positions 7 and 8 removed, as shotvn by 
formula 16. V. 

4. PorphinSi CMorins, Phorbins, Phytins, and Phyllins 

■Protochlorophyll, chlorophyll, and bacteriochlorophyll belong to 
three successive reduction levels of Ktister’s system. It will be noted that 
the eighteen-membered, conjugated ring system Is' maintained in all 
■ three of , them. The parent substances of these three groups are porpAw, 

, dihydroporphinj, .m.d tetrahydroporphin. The. first haS' been prepared 
synthetically by Fischer (in 1935) and by Rothemund (1936). 
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In RotHemimci^s method (cf, also Aronofif and Calvin 1943 ), pyrrole and formalde- 
hyde are condensed in methanol: 

( 16 . 1 ) 4 C4H5N + 4 H2CO > C20H14N4 + 4 H2O + 6 {H } 

The product contains 11 double bonds, as against eight in the four pyrrole nuclei; 
condensation is thus accompanied by the removal of six hydrogen atoms. Of the 11 
double bonds in porphin, nine form a closed conjugated system, and two are “ semi- 
isolated/' This allows of several structures, which may be mesomeric or isomeric, 
depending on the position of the imino hydrogens. 

In the porphin formula (16. VI), the two structures, A and are 
isomeric — one is a '^lateral,” another a diagonal.^’ Each consists of 
two mesomeric “Kekuld structures. It may be, however, that the two 
central hydrogen atoms are situated symmetrically between two adjacent 
nitrogen atoms. This would make structures A and B mesomeric. 



Formula 16 .VI. 


The “diagonaF^ and ^dateraF’ forms of porphin. 



It is interesting that the structure with nine conjugated double 
bonds arises in preference to the more symmetric structures with eight 
or ten conjugated double bonds, represented by 16. VII A and 16. VII 5. 

The derivatives of porphin are called porphyrins; hemin is an iron 
complex of a porphyrin; protochlorophyll is a magnesium complex of 
another porphyrin. Chlorophyll is derived (as mentioned above) from 



A ' 8 

Formula 1 $.VII, 


Ring systems C20N4H12 (A, with eight conjugated double bonds), and C20N4H8 (B, 
with ten conjugated double bonds), which appear to be less favorable than the porphin 
system C2o]Sf4Hio with nine double bonds. 
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dthydroporphifij and baderiochlorophyll from teirahydroporphin, com- 
pounds in which one or both of the semi-isolated double bonds, present in 
porphin, are hydrogenated, while the conjugated bond system is left intact. 

Fischer designates dihydroporphin derivatives as chlorim if they do 
not contain the cyclopentanone ring V, and phorbins if they do. The 
presence of magnesium is indicated by the term pliyllin, the presence of 
phytol by the term phyiin. The accompanying scheme may help to 
retain the meaning of these terms. 
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Compounds with an ethyl instead of a vinyl group in nucleus I are 
indicated by the prefix meso; compounds of the 6-series are sometimes 
referred to as rhodins (instead of chlorim). 

Specific compounds of each of these groups are designated by prefixes. 
The compounds which have the same substituents as chlorophyll are 
designated by the prefix pheo — e. g., pheophytin (a or 6), and pheophorbide 
{a or 6). The following scheme illustrates the relationship between 
these compounds, the chlorophylls, and the chlorophyllides. 
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'5. Shape and Size of the ChlorophyE Molecule 

Formulas 16.111 and 16.1 show that chlorophyllin forms a large, fiat, 
almost square, ^‘head’’ of the chlorophyll molecule, to which phytol is 
attached as a long flexible 'Hail/^ From the standard nuclear distances 
and bond angles, one can estimate that the approximately square porphin 
^Misc” has an area of 100-110 square angstroms; the “hole’^ between the 
four nitrogen atoms, where the magnesium is located, is approximately 
2.5 A in diameter. The covalent diameter of magnesium in crystals is 
2.4 A, so that it fits snugly into the hole. 

X-ray experiments by Ketelaar and Hanson (1937) and Hanson 
(1939) showed that the actual area of chlorophyllin, with all its sub- 
stituents, is much greater than the value estimated above. Because of 
the waxy nature of chlorophyll, these experiments were carried out with 
ethyl chlorophylUde, Its crystals are trigonal hemiedric (symmetry class 
Ca). The elementary cell has a length of 38.4 A (along the c-axis), and 
a volume of 2660 A^. The pycnometricalty determined density is 1.28. 
This shows that the elementary cell contains three molecules — an 
assumption which leads to a calculated density of 1.23. Each molecule 
thus occupies 887 A^. The planes of maximal density are 2116, 1216, 
and 1126, inclined by about 55° to the basal plane of the elementary cell. 
These planes must be occupied by the porphin plates. The latter are 
thus stacked obliquely, like books on a partly empty shelf (Fig. 49a). 




Fig. 49.— Crystal structure of chlorophyllide (after Hanson 1939). 

Each plate is, however, displaced against its neighbor by one-half of its 
width (as shown in Fig. 49b). The frontal area of the porphin plates 
is 15.48 X 15,62 = 242 Al This gives 887/242 == 3 66 A for their 
thickness.'*' 

* Hanson gives 3.87 A for the thickness of the ethyl chlorophyllide molecule, but 
does not explain the discrepancy between the volume of the moiecuie, 15.48 X 15 62 X 
3.87 936 A®, calculated from this thickness, and the smaller value (887 A®) which 

follows from density- 
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The narrow sides of the chlorophyllin plates have areas of 3.66 X 
15.48 = 56.6 A^; but, beeaiise of the 56® inclination, each molecule 
requires an area of 69.2 on the basal plane. A monoxnolecular layer 
consisting of such obliquely stacked chlorophyllide molecules is 12.8 A 
thick. In the crystal, a second layer, situated on top of the first, has all 
its niolecules rotated around the c-axis by 120®; a third consists of 
molecules rotated by 240®, while the fourth layer is a repetition of the 
first (thus, the height of the elementary cell is three times the thickness 
of a single layer). In other words, the crystal contains a threefold 
screw axis. 

The area of 242 A^, deduced from x-ray measurements, is more than 
twice the lOO-llO A^ estimated above for the nonsubstituted porphin 
system. This difference shows that, although the side chains probably 
stick out from the plane of the porphin plate, they nevertheless increase 
considerably the area occupied by the molecule in this plane. 

Experiments on ethyl chlorophyllide monolayers on water (Hanson 
1937, 1939) showed that the extrapolated surface which such a layer 
occupies at zero osmotic pressure (at pH 5.4) is 70 A^. This value agrees 
well with the value of 69 A^ derived above from the x-ray analysis for 
the area taken by an ethyl chlorophyllide molecule in the basal plane of 
the crystal. Hanson concluded that films of ethyl chlorophyllide on 
water are crystalline monolayers, composed of flat molecules stacked 
obliquely to form an angle of 55® with the surface of water. He suggested 
that the active, hydrophilic part of the molecule is the cyciopentanone 
ring V, with its easily enolizable keto group (c/. page 444). 

In the case of waxy chlorophyll (as distinct from chlorophyllide) the 
only result which could be derived from x-ra}’" experiments was the 
occurrence of a periodicity of 4.2 A, which must be interpreted as the 
thickness of the chlorophyll molecule. Experiments with chlorophyll 
surface films showed that the surface requirement of chlorophyll increases 
with increasing pH, probably because of a - progressive enolizatioii and 
consequent hydration' of the cyciopentanone . ring.' At pH 4.1 (the 
lowest pH at which experiments can be performed without converting" 
chlorophyll into pheophytin), the extrapolated surface requirement at 
zero osmotic pressure is 106 A^., It appears that hydration is negligible 
at this low pH. , Thus, phytol increases. by 37 A^..the area occupied by 
the chlorophyll molecule .in the surface film. . At the higher pH, the,:,; 
surface requirement of chlorophyll is considerably larger, but the film ' 
is also more compressible; both effects man be ascribed to , hydration'.,, 
(Hanson calls the layer formed at , pH '4.1 ^^dry^^ or "'^crystalline/^ .and ' 
that formed in :alk.aline media* — e. at p.H 7.6— ^^viscous/0 
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' B. Chemical Propebties 

know that chlorophyll sensitizes the reduction of carbon dioxide 
by water. It is probable that, in carrying out this function, it enters 
into reversible reactions with the substrates of photosynthesis (cf. 
Chapter 19 ). Two types of such reactions can be envisaged — complex 
formation, and oxidation-reduction. In the first case, chlorophyll would 
serve as an acceptor’’ for carbon dioxide {cf. Chapter 8) or water (cf 
Chapter 11), or both. In the second case, chlorophyll would play the 
part of an oxidation-reduction catalyst {i. e., an acceptor for hydrogen 
atoms or electrons). The hypothetical complex formation of chlorophyll 
with carbon dioxide or water should be a “dark” reaction, while the 
reversible oxidation-reduction of chlorophyll should be a photochemical 
reaction, with light activating e^ither the “forward” or the “back” 
step, or both. */ 

In considering the chemical properties of chlorophyll in relation to 
the role of this pigment in photosynthesis, we are thus interested, first 
in the interaction of chlorophyll with_water and cybon dioxide^and 
second in th e capacity of chlorophyll for reversible oxidation-reduction. 

L Chlorophyll and Water 

Willstatter and Stoll (1913) and Fischer and Stern have assumed 
that both chlorophyll and the alkyl cMorophyllides contain one-half mole 
of water per mole. Rabinowitch (1938) has noted, However, that ethyl 
chlorophylli^illand, to a smaller extot, chlorophyll as well) has “zeolitic” 
properties {i. e., it re versibb^ absorbs different gases, including water 
vapor, the absorbed quality being a smbotTfunction of temperature and 
of the partial pressure of the gas). At room temperature and in contact 
with saturated water vapor, ethyl chlorophyllide takes up about one-half 
mole of water per mole; but this is probably much less than the saturation 
value; the latter may correspond to one or even two moles per mole. 

Additional data about the affinity of chlorophyll for water have been 
contributed by Hanson (1939). As ment!oned*”aEOT EeTouhd, in 
studying ch lorop hyll monolayers on water, that their s urface requirement 
increases with increasing alEiffim^, and attnButed this to a “swelling” 
of the molecules by water. Progress in swelling which follows a decrease 
in [H+] can be interpreted as a tendency of the film to lose hydrogen 
ions in water and to gather water dipoles around the negative charges. 
Hanson concluded that negative groups must be responsible for hydration; 
this ruled out magnesium as the hydration center (which seemed at 
first to be the most likely assumption, especially since the surface re- 
quirement of magnefium-free compounds was found to be independent 
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of pH). Other arguments against magnesium as the hydration center 
are the hygroscopicity of magnesium-free derivatives of chlorophyll and 
the position of magnesium in the monolayer (marked by a cross in Fig, 
49a) which should preclude its contact with water. Considering probable 
negative hydration centers, Hanson decided in favor of the cyclopenta- 
noiie ring V, with its enolizable carbonyl group. (The pH-dependence of 
the surface area of allomerized chlorophyll — which, according to page 459, 
has no capacit}^ for enolizatioii— is quite different from that of the 
nonallomerized compound.) The hygroscopicity is somewhat larger in 
chlorophyll b than in chlorophyll a, and may be ascribed to the , effect 
of a second carbonji group. Hanson interpreted the disappearance of 
the pH effects in magnesium-free compounds as an indirect influence of 
magnesium on the properties of the eycldpentanone ring, an influence 
wiiich has been noticed on several occasions (see pages 454 and 462). 
Hanson treated the whole theory of photosynthesis from the point of 
view of the primary formation of a chlorophyll-wmter complex, stressing 
that the pH of the chloroplasts is probably alkaline (pH = 7.0 to 7.5, 
according to Menke), and that this is^the region in wdiicli chlorophyll 
h^J^dration reaches its maximum. 

In chapter 7 w^e have considered, wdth van Niel (and others) the 
decomposition or oxidation of water as a possible primary photochemical 
process in photosynthesis; Hanson’s concept of a chlorophyll-water 
complex obviously fits into this theory. However^ hygroscopicity is 
such a common property of organic compounds that the hygroscopicity 
of chlorophyll can scarcely be considered as an important argument in 
favor of this specific chemical theory of photosynthesis. Furthermore, 
if the hygroscopicity of chlorophyll in the cell is not larger than that of 
solid chlorophyll in vitro, less than one-half of all chlorophyll molecules 
in the chloroplast are hydrated at room temperature — and if this is so, 
how can light quanta absorbed by all chlorophyll molecules, be utilized 
for photosynthesis? (This remark is .not meant as an argument against 
the primary water decomposition theory of photosynthesis, but merely as 
an indication that observations of the hygroscopicity of chlorophyll in 
vitro cannot be quoted as arguments /or 'this theory.)' 

2. Chlorophyll and Carbon Dioxide 

In chapter 7 we have also considered, as* an alternative to the hy- | 
pothesis of a primary photochemical oxidation of water, the hypothesis | 
of .a pri mary, ph o tochemical reduction of _ ca rbQii,-.dioxide. The first ‘i 
^detailed theory . of, this type w^as suggested by Willstatter ^and^^StpIl | 
(1918), ';and was described on page 287.,: T^hese authors thought that the 
proof of a chemical association between chlorophyll and carbon dioxide I 
would be an important argument in favor of their theory., . They found .» 
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that molecular solutions of chlorophyll are not affected by carbon dioxide^ 
but that colloidal solutions in water show a twofold interaction with 
carbonic acid: a reversible absorption and a superimposed irreversible 
chemical reaction — the latter being the well-known conversion of chloro- 
phyll into the magnesium-free pheo- 
phytin (page 447), caused by all 
acids.^ The reversible binding of 
carbon dioxide is increased, and the 
velocity of the irreversible transfor- 
mation is decreased, when the solu- 
tions are cooled to 0°. Under these 
conditions, approximately 0.25 mole 
of carbon dioxide is reversibly ab- 
sorbed by one mole of chlorophyll, 
from an atmosphere of pure carbon 
dioxide. 

Eabinowitch (1938) observed the 
sorption of carbon dioxide gas hy 
degassed, dry, crystallized ethyl chloro- 
phyllide in vacuo. Figure 50 shows 
the sorption isotherms at 0*^ and — 
80° C. They are smooth curves; the 
sorption is reversible and equilibrium is established in a few seconds. 
The data can be represented by equation (16.2), in which Sp is the sorp- 
tion under pressure p and So the extrapolated maximum sorption under 
high pressure: 
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Fig. 50. — Sorption isotherms for 
carbon dioxide in solid ethyl chloro- 
phyllide (after Eabinowitch 1938). 


(16.2) 


So-Sp 


■ const. X p 


The (extrapolated) saturation So corresponds to the uptake of approxi- 
mately two moles of carbon dioxide by one mole of chlorophyllide. 

When chlorophyll was used instead of the crystalline ethyl chloro- 
phyllide, a much weaker and slower sorption of carbon dioxide was 
found. This can be attributed to the waxy consistency of the material, 
which causes many crystal channels to be blocked and makes many 
sorption centers unavailable. Smith (1940) also found that only 0.08 
mole of carbon dioxide is taken up by one mole of solid chlorophyll 
under a pressure of one atmosphere; the sorption is proportional to the 
pressure, which shows that saturation is far away. 

Pheophytin absorbs about 50% less carbon dioxide than ethyl chloro- 
phyllide, as shown by table 16.1, which summarizes the results of the 
three investigations mentioned above. The table shows that the 
reversible binding of carbon dioxide by colloidal chlorophyll is probably 
identical in nature with the sorption of this gas by solid chlorophyllide. 
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Table 16.1 

Reveesible Carbon Dioxide Sorption at 0® C, 
(1 atm. partial pressure) 


Compound 

Moles per mole 

Rabinowitch 

Willstiitter-StoU 

Smith 


Ethyl clilorophyllide 
Colloidal chlorophyll 

0.22 

0.25 


Solid chlorophyll 

0.05 


0.06 

Pheophytin 

0.10 


0.08 


The existence of a certain affinity of chlorophyll for carbon dioxide is 
thus established beyond question. This affinity may be ^^ chemic3ar^ or 
^^physical/^ Wiilstatter and Stoll (1918) suggested that the reversible 
binding of carbonic acid constitutes the first step in the conversion of 
chlorophyll into pheophytin: 

H 

(16.3a) PhMg + H2C03 Ph— MgHCO# 

H H 

(16.3b) MgHCOs + HaCO, -+ Ph-H + MgCO, 

where Ph stands for the ph 3 rtin radical, PhMg for chlorophyll, PhH 2 for 
pheophytin, and PhHMgHCOs for an intermediary ^^chlorophyll bi- 
carbonate/^ Reaction (16.3) can be written as follows to show its ionic 
mechanism: 


(16.4a) PhMg + H^ Mg+ 

H H 

(16.4b) , Ph— Mg+ + HC03*~;^=r^ 

H H 

(16.4c) Ph— Mg+ + H+ -^Ph— H + Mg++ 

: Wiilstatter and Stoll saw a confirmation- of absorption meclianism 
(16.3a) "or (16.4b) in the fact that -chlorophyll does not bind. carbon 
dioxide in, org-anic so.lutions (which contain no carbonic- acid molecules or 
bicarbonate ions). .However, if we assume the 'identity of the carbon 
dioxide absorption by solid chlorophyll and by colloidal chlorophyll - 
solutions, the ionic .. mechanism, is ruled out,. -and the lack of.,, sorptive; 
power of chloroph 3 dl solutions must be explained in a different way, for 
example, by jhe' saturation, of the sorption' centers by solvent moleeiiles.. 
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Gliapter 8 described several chemical mechanisms by which chlorophyll could 
conceivably bind carbon dioxide in a nonionic reaction. One of them is carhoxylation— 
e. gr., entrance of the — COO — group between the carbon atom in position 10 and the 

“ labile hydrogen attached to it (equa- 
tion 16.5) . However, no such carboxy- 
lation has been observed so far. To 
the contrary, many chlorophyll deriva- 
tives have a tendency for decarboxy- 
lation: for instance, pheophorbide a can 
lose the — COOCH 3 group in position 
10 by prolonged standing in 20% hy- 
drochloric acid. It was mentioned on 
pp. 91 et seq. that Banr,in one of his hy- 
potheses concerning the chemical mechanism of photosynthesis, suggested that the 
immediate substrate of photoreduction is a carboxyl group in chlorophyll, which is elimi- 
nated after reduction and restored by means of a new molecule of carbon dioxide. How- 
ever, no case of reversible decarboxylation is as yet known in chlorophyll chemistry. 

In addition to reversible carboxylation, a chemical binding of nonionized carbon 
dioxide could conceivably be brought about by a reaction of the carbamination type. 
Chlorophyll has no nitrogen-hydrogen groups; but it was pointed out on page 183 that, 
in analogy to carbon-metal bonds, nitrogen-metal bonds may have a higher affinity 
for carbon dioxide than have the nitrogen-hydrogen bonds. We may thus think of 
equilibria of the following type: 
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Reaction (16.6a, b) could explain the absorption of two molecules of carbon dioxide by 
one molecule of chlorophyll (as extrapolated on page 452). 

In the case of pheophytin, the absorption of carbon dioxide could be attributed, 
by analogy with (16.6), to a carbamination of the imino groups. The capacity of 
pheophytin for carbon dioxide absorption is smaller than that of ethyl chlorophyllide, 
but so is its capacity for hydration. The lower hygroscopicity of pheophytin was 
attributed by Hanson (page 451) to the influence of magnesium on the tendency of the 
cyclopentanone ring for enolization. One could ask whether a similar hj^pothesis could 
be applied also to the absorption of carbon dioxide — thus locating this absorption in 
the cyclopentanone ring. (The hypothesis of a carboxylation in position 10 would fit 
into this picture.) '‘ However, it seems more probable that the two species, CO 2 and H 2 O, 
are attracted to different regions of the chlorophyll molecule. Rabinowitch has observed 
that the capacity for binding carbon dioxide does not depend on whether the chloro- 
phyllide molecules contain water or have been desiccated in high vacuum. The fact 
that carbon dioxide is bound by colloidal chlorophyll under water also indicates that 
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the two. sorption phenomena do not interfere with each other. If we assume, with 
Hanson, that, hydration is associated with an enolization in position 9, hydrated mole- 
cules should be incapable of absorbing carbon dioxide in position 10. Perhaps the \vater 
molecules are attracted by the cyclopentanone ring, while the carbon dioxide molecules 
are bound by the magnesium in chlorophyll or by the imino groups in .pheophytin,.. 

It must be realized that, even if the existence of a stoichiometric 
ratio between chlorophyll and carbon dioxide (in the saturated state) 
were definitelj^ established (so far, it is only made plausible by extrapo- 
lation), this wmiild not prove that the binding of carbon, dioxide is due 
to a true chemical reaction (c. p., of one of the reactions 16.3, 16.5, or 
16.6). When gases are taken up by crystals, they enter channels ■ and 
holes in the regular lattice, each of which has room for one or a small 
number of sorbate molecules. TIius, stoichiometric ratios may arise 
even if the sorption is due to “nonchemicaP^ attraction forces,. Several 
observations indicate that the sorption of carbon dioxide (and water) by 
chlorophyll is “zeolitic” in nature. In the first place, the sorption 
isotherms are smooth (Fig. 50) and similar to those of the zeolites. 
(However, it may be argued that smooth isotherms canmcciir also in, a 
chemical equilibrium, if the binding of a gas does not destro^^ the crystal 
lattice of the solid, that is, does not create a new phase.) In the second 
place, one may quote observations on the binding by solid chlorophyll 
of gases other than carbon dioxide and water: Rabhiowitcli (1938) found, 
for example, that nitrous oxide, NoO (whose volatility is similar to that 
of carbon dioxide), is absorbed by ethyl chlorophyllide in roughly the 
same quantity as carbon dioxide. Similarly, Smith has observed the 
uptake of small quantities of hydrogen and nitrogen by solid chlorophyll 
(3“4% of the quantity of carbon dioxide taken up under the same 
pressure). Both observations indicate an indiscriminate “’zeolitic” 
affinity to gases, in the reverse order of their volatilities, rather than a 
selective chemical affinity for carbon dioxide. To sum up — the uptake 
of carbon dioxide by chlorophyll and its derivatives can be explained by 
two or three different cherD,ical reactions, as well as by- an i,ndiscriniin.ate 
physical absorption. 

Whatever explanation will ultimately prove to be the correct one, it 
seems doubtful wliethe.r the affinity of chlorophyll in vitro to carbon 
dioxide bears any relation to photosynthesis at all. It was s.howm .in 
chapter 8 that leaves possess two mechanisms of reversible carbon 
dioxide absorption — one of large capacity but weak affinity, and one of 
sm,ali capacity but strong affinity. . The first mechanism, which accounts 
for the bulk of the carbon dioxide absorbed under carbon dioxide pressures 
of the order of one .atmosphere, certainly, lias no connection with chloro- 
phyll, since it operates equally well in nonchloroph 3 dloiis tissues, and js 
capable: of binding twenty times as much ■ carbon dioxide as the^re is. 
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cHorophyll in green leayes. (According to page 194, this absorption is 
caused by buffer equilibria with phosphates and bicarbonates.) The 
second mechanism (revealed by experiments with radioactive C'^ 02 , cf. 
page 201, and pickup’^ phenomena, page 206) is based on the presence 
of a carbon dioxide absorber, whose concentration is of the same order 
of magnitude as that of chlorophyll, but whose affinity for carbon dioxide 
is many times stronger. In short, while chlorophyll is present in quanti- 
ties roughly equal to those of the '^strong’' carbon dioxide acceptor, its 
affinity for carbon dioxide is not larger than that of the “weak^^ absorber; 
consequently, it cannot contribute markedly to the uptake of carbon 
dioxide either under low or under high pressures. 

One could suggest that chlorophyll in vivo has a stronger affinity for 
carbon dioxide than chlorophyll in vitro , e. g., because of its association 
with a protein. However, the capacity of Chlorella for carbon dioxide 
fixation in the dark was found not to be affected by variations in chloro- 
phyll content; and radioactive indicator experiments showed that the 
carbon dioxide-acceptor complex can be extracted by hot water, while 
chlorophyll remains in the cells (page 204). If one adds that some experi- 
ments point to the location of the carbon dioxide acceptor in the cyto- 
plasm outside the chloroplasts (page 204), one can scarcely avoid the 
conclusion that chlorophyll probably bears no relation at all to the pri- 
mary fixation of carbon dioxide in photosynthesis, and that the approxi- 
mate equality in concentration between the acceptor and chlorophyll is 
fortuitous. 

Thus, contrary to the conclusions of Willstatter and Stoll, the results 
of the study of the interaction of chlorophyll with carbon dioxide in vitro 
discourage the development of chemical theories based on the combination 
of chlorophyll with carbon dioxide, whether by physical sorption, 
carboxylation, or ‘‘chlorophyll bicarbonate^^formation. 

This conclusion does not affect the hypothesis, expressed by equations (16.3), that 
the elimination of magnesium from chlorophyll by carbonic acid includes, as a pre- 
liminary step, the formation of a chlorophyll magnesium bicarbonate (it only denies 
the importance of such a compound for photosynthesis). On page 493, we will find some 
photochemical evidence in favor of this two-step mechanism of “pheophytinizatioii.'^ 

3. Oxidation and Reduction of Chlorophyll 

We shall discuss here, not the irreversible oxidative decomposition of 
chlorophyll, or the equally irreversible catalytic hydrogenation of its 
double bond system, but only milder changes, which could conceivably 
bear some relation to the reversible transformation of chlorophyll in 
photosynthesis. ** 

, 5 Despite a considerable number of investigations dealing with the 
oxidation and reduction of chlorophyll, this problem has not yet been 
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satisfactorily solved. Many organic dyestuffs— e. g.,' indigo, m, ethylene 
blue, thionine — are among the best-known examples of reversible oxi- 
dation-reduction systems. The colored form, which usually possesses a 
''quinonoid'^ structure, is an oxidant, while the reductant is colorless or 
only weakly colored (e. g., indigo white, leuco methylene blue, etc.). 
Seldom is the reductant the colored form and the oxidant the colorless 
form (as in Michaelis^ ^^viologens”). 

> It has often been suggested that chlorophyll, too, may possess a 
colorless or weakly colored reduced form, a ‘Teuco chlorophyll,^^ from 
which it can be re-formed by oxidation. It has also been postulated 
that chlorophyll is formed in the plants by oxidation (or pliotoxidation) 
of a colorless “precursor/' and many investigators have attempted to 
isolate the latter from seeds or etiolated seedlings (cf. Chapter 15, 
page 404). However, the only compound which has been isolated in 
sufficient quantity to make its analysis possible— the “protochlorophyir^ 
from pumpkin seeds — has proved to be an oxidation product^ rather than 
a reduction product of chlorophyll (page 445).' This leaves us with 
only the “etiqlin,'' | chlorophylls “leucophyll,” and other hypo- 
thetical chlorophyll “precursors," which have never been isolated and 
studied in the pure form, as alleged reduced forms of chlorophyll in nature. 

Attempts to prepare a “leuco chlorophyll" in vitro also have not 
been completely successful.; Many porphyrins can be reduced to 
colorless “porphyrinogens" with the uptake of two, four, or six hydrogen 
atoms by the conjugated porphin system, and restored by oxidation, 
c. g.f by atmospheric oxygen. A similar reversible reduction of chloro- 
phyll and its derivatives has been described by Timiriazev (1903) and 
Kuhn and Winterstein (1933). ^Timiriazev reduced chlorophyll in 
pyridine solution by means of zinc and organic acids, and obtained a 
colorless solution which slowly became green again upon exposure to air,; 
Kuhn and Winterstein found that the product obtained from chlorophyll 
by reduction and reoxidation gave a positive “phase test" (cf, below), 
and had the unchanged elementary composition and absorption spectrum 
of chlorophylL However, Albers, Knorr, and Eothemund (1935) found 
that its fluorescence spectrum is different from that of the original 
pigment, and Rothemund (1935) found differences in the absorption 
spectra as well. Thq^^^ljleavage test" (disruption of the cyclopentanone 
ring by alkali) gave a product different from “chlorin (which is the 
product of cleavage of intact chlorophyll a). The irreversibility of cliloro- 
phyll reduction by zinc and acids was confirmed by Godnev (1939). 

What changes were caused in these experiments by reduction and re- 
oxidation is not known. Conant and Hyde (1931) found porphyrins 
among products of reduction by hydrosulfite or Pd -f H 2 and oxidation 
by air. It seems likely that hydrogenation of the vinyl group in posi- 
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tion 2 is an important source of complications. This group is usually 
the first to be attacked by reductants — e, g,^ the reduction of methyl or 
ethyl chlorophyllide by palladium-hydrogen in dioxane can be carried 
out so as to cause the uptake of only one molecule of hydrogen — -and 
this molecule goes to the vinyl group. The catalytic hydrogenation 
product of chlorophyll o, whose fluorescence and absorption spectra were 
studied by Knorr and Albers (1942), probably also is a meso derivative. 
The reduction can be pushed further, until a colorless ^ Teuco” compound 
is obtained, but a subsequent reoxidation, while restoring the conjugated 
double bond system (and thus the color) fails to restore the vinyl group. 
The net result is the retention of two hydrogen atoms and the transfor- 
mation of the original unsaturated compound into the corresponding 
saturated meso derivative. This is probably what happened also in the 
experiments of Timiriazev and Kuhn and Winterstein. 

The hydrogenation of the semi-isolated double bond in the nuclear 
system, whose presence is shown by formulas 16. Ill, also could occur 
before the attack on the conjugated double-bond system. (Stoll and 
Wiedemann, 1932, had interpreted in this way the phenomena which 
were later attributed to the hydi’ogenation of the vin^d group.) This 
reaction would convert compounds of the chlorophyll class into the 
corresponding compounds of the bacteriochlorophyll class; it could be 
reversible, since bacteriochlorophyll derivatives are known to lose their 
two excess hydrogen atoms easil}^ 

V Besides its several reducible groups, chlorophyll and its derivatives 
contain at least two potential centers oi oxidation - — the two “extra” 
hydrogen atoms in positions 7 and 8, and the “lone” hydrogen atom in 
position 10. In addition, the vinyl group may again cause compli- 
cations, this time by its oxidation to a — CO — CHs group (so-called 
“ 0 X 0 reaction”). 

By an internal oxidation-reduction mechanism, the hydrogen atoms 
m positions 5 and 6, can be lost even in reduction experiments. Fischer 
and Bub (1937) found that, when pheophorbide a is reduced by palladium 
and hydrogen in glacial acetic acid, the resulting leuco compound is 
optically inactive, that is, it does not contain the hydrogen atoms wdiich 
made the carbon atoms 7 and 8 asymmetric. Upon reoxidation, these 
hydrogen atoms do not re-appear in their original positions; since, at the 
same time, two hydrogen atoms remain attached to the vinyl group 
(as was described above) the net result of reduction and reoxidation is 
an isomerization^ the original chlorin or phorbin having been converted 
into an isomeric mesoporphyrin. 

The treatment of chlorophyll derivatives with hydriodic acid usually 
has the same isomerizing affect. One ma 3 ^ imagine that, while hydrogen 
iodide reduces the vinyl group, the liberated iodine oxidizes the hydrogen 


OXIDATION AND EEDIJGTION OF CHLOEOPHTLL 


459 



atoms in positions 5 and 6, so that the net result is a hydrogen iodide- 
catalysed internal oxidation-reduction.' ' This interpretation implies that 
the oxidation-reduction potential of the system porpMn~deh 3 ^droporpliiii 
is more positive than that of the s^ystem vin^d chlorin-mesochloriii. 

The oxidation of . the „H atom in position 10 is supposed to play an 

important part in the so-called allomerizaiion of chlorophyll and its de- 
rivatives. This transformation occurs %vhen alcoholic solutions of the 
pigments are exposed to air. The solution color remains the same, and 
the absorption spectrum is unchanged (at least in the first approximation, 
cf, Gonant, Dietz, Bailey, and Kamerling 1931; no reliable extinction 
curve of allomerized chlorophyll has imt been published). The main 
difference, between allomerized and intact chloroph.yll is in the behavior 
towards alkali. Ether solutions of intact clilorophydl give the so-called 
“Molisch phase test^’ — transient apparition of a brownish ,yellow color 
(in chlorophyll a) or a brownish red color (in chloroph^dl h) upon the 
addition of alcoholic alkali (in the cold and in the presence of air). 
The color soon reverts to green : and the final result of the phase reaction 
turns out to be the severance of the cyclopentanone ring between carbon 
atoms 9 and 10, b,y alcoholysis, f. c., the conversion of a phorbin into a 
chlorin. According to Fischer, Elser, and Plotz (1932) and Fischer and 
Siebel (1933), the phase test is initiated by the enolization of the carbonyl 
group in position 9, induced by alkali : 


KOH 


Thus, a double bond is formed between C(10) and G(9) ; it causes a 
strain in the cj^Jopentanone ring, so that this ring becomes subject to 
disruption b}" alcoholj^sis. ' The alkali salt of the cnolized form is supposed 
to be. present in the brown phase. If the alkali is extracted at once by 
shaking the browm ether-alcohol solution with 'water, chlorophyll can be 
regenerated from the ether fraction, and is found to be unchanged. 
The first stage of the phase test is thus reversible; but after the green 
color has returned, the reaction cannot be reversed except possibly by 
special methods by which chlorins can be converted into jAorbins. , 

, Although attributing the ^*hrow.n...phase'^ to an enolate of chlorophyll 
seems plausible from the chemical point, of view, a certain difficulty is 
encountered in the interpretation of the color change. The spectrum, of 
the brown phase is' unknown, but there can be no doubt that the 'm.aiii 
red absorption band of chlorophyll is either absent or strongly reduced 
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in intensity. From what we know about the occurrence of this band in 
chlorins and phorbins {cf. VoL II, Chapter 21), one would not expect it 
to disappear as long as the three chromophoric factors — the conjugated 
double bond system, the hydrogenated nucleus IV, and the magnesium 
atom- — remain intact. Enolization in a side chain can scarcely be 
expected to affect the spectrum to such an extent. 

One could suggest that the alkali enolate is ionized, and recall that ionization often 
changes the color of dyes (acid-base indicators) ; but this occurs only when ionization 
affects the resonance in the chromophoric system, and there is no reason why any such 
effect should be produced by the ionization of chlorophyll in the cyclopentanone ring. 
It looks as if something must happen to the two hydrogen atoms in nucleus IV during 
the brown phase.*’ Perhaps these atoms can slide from positions 7 and 8 to positions 
9 and 10, thus creating a tautomeric equilibrium between the structures: 




Form (B) may be responsible for the brown color, and form (A) (which needs only to be 
present in a small proportion) for the gradual conversion into chlorins and consequent 
disappearance of the brown phase. Another hypothesis, described on page 493, postu- 
lates that the brown phase is a product of a reversible dismutation of enolized and 
ordinary chlorophyll (c/. Eq. 18.11 a, b, c), or of a reversible oxidation-reduction reaction 
between enolized chlorophyll and the solvent. 

|The phase test has often been used to control the freshness of chloro- 
phyll preparations (although in its usual qualitative form, it obviously 
does not detect partial allomerization). Apart from incapacity to give 
the “brown phase, allomerized chlorophyll is characterized by the 
different products it gives in the “cleavage test^^ (cf, page 457). In the 
case of the chlorophyllides, allomerization also causes the loss of good 
crystallizability. 

If the “brown phase/Vis caused by an enolization of the carbonyl 
group in position 9 involving the hydrogen atom from the neighboring 
atom C(10), it is natural to attribute the nonoccurrence of this phase in 
allomerized chlorophyll to the removal or binding of this hydrogen atom, 
u e., to an oxidation of the CH— group. Conant, Hyde, Moyer, and 
Dietz (1931) were the first to interpret allomerization as an oxidation, 
and Conant, Dietz, Bailey, and Kamerling (1931) proved that one mole 
of oxygen is consumed in the slow allomerization of one mole of chloro- 
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phyll in air. They suggested that two. atoms of hydrogen, are lost in 
this process (with .the formation of one mole of hydrogen, peroxide). 
As mentioned above^ allomerissation was later attributed (by Stoll and. 
Fischer) to the oxidation of the “lone^^ hydrogen atom in position 10. 
To explain how a molecule of oxygen can be consumed by the oxidatioB 
of one atom of hydrogeiiy Fischer suggested the formation of a ^^chloro- 
phyll peroxide 


( 16 . 8 ) 


4 


I 


(10)— H 4- Os - 


-i 


I 




He found that allomeriziation can be achieved also by means . of quimm 
(instead of air), and interpreted this as a result of the formation of a 
hydroquinone ether (instead of peroxide) : 


:0- 


(16.9a) ~™C(10)— H -f 0=< 
and subsequent alcoholysis: 

(16.9b) — (j)— 0-<^ )>— OH + CHsOH 


C 




-OH 


-C— O-CH, -i- HO— < ( ) >— OH 


The final products are hydroquinone and a compound wdth a CHsO — 
group in position 10 (10-methoxychlorophyll). 

The chlorophyll peroxide assumed in (16.8), has not been isolated in 
substance; but the autoxidation of the carbon atom in position 10 is 
proved by the fact that hydriodic acid converts allom.erized chlorophyll 
into a porphyrin (so-called pheoporphyrin Qt) which contains an hydroxyl 
group in position 10. Since no allomerization occurs in the absence of 
.alcohol (see Table 16.11), while even 3% alcohol in pyridine is sufficient 
to bring it about, it is poss.ible that the chlorophyll peroxide postulated 
in '(16.8) is only an unstable intermediate (a.nalogous to the hydroquinone 
ether, in 16.9a), and that reaction (16.8) is completed by the transfer of 
oxygen to alcohol: 


(16,10) 




•OH + CibOH* 


1 

-G-OH + CIb— 0— OH 


leading to the formation of .methyl hydroperoxide, and of a 10-hydroxy- ., 
chlorophyll.,'* 

In addition to the solvent effect, table 16.11 also shows the importance, 
of magnesium for the oxygen absorption by chlorophyll and its,; deriva-,. 
tives. While elimination of .phytol has no influence on. alio.mermtic)ni 
the latter is prevented by the elimination of magnesium.. 
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Table 16.II 


Oxygen Absorption by Chlorophyll Derivatives 
(Fischer and Hiedmeier, 1933) 

(A) Substitution EHect in Ethanol. 


Compound 

Moles oxygen per mole 

Duration of experiment, hrs. 

Cblorophyll (a + 6) 

0.96 

8 

Methyl chlorophyllide a 

0.93 

11 

Methyl chlorophyllide h 

1.08 

19 

Pheophorbide a 

0 

30 

Methyl pheophorbide a 

0 

24 


(B) Solvent Effect (with Methyl Chlorophyllide). 


Compound 

Solvent 

Moles oxygen 
per mole 

Duration of 
expt., hrs. 

Methyl chlorophyllide a 

C 2 H 5 OH ( 100 %) 

0.93 

8 

Methyl chlorophyllide (a + b) 

C 2 H 5 OH (85%) 4- 
pyridine (15%) 

1.11 

24 

Methyl clilorophyllide (a 6 ) 

1 

C 2 H 5 OH (3%) 4- 
pyridine (97%) 

0.68 

120 

Methyl chlorophyllide (a + 6) 

Pyridine (100%) 

Traces 

120 

Methyl chlorophyllide (a + 6 ) j 

n-Propanol 

1.10 i 

16 


If the absorption of oxygen is localized in position 10, as assumed by 
Fischer, the necessity of magnesium for this reaction is another illustration 
of the influence of magnesium on the properties of the cyclopentanone 
ring, mentioned several times above. 

While it seems definite that allomerization consists of an oxidation 
of the CH — group in position 10, it is less certain whether the allomer- 
ized product is a “chlorophyll peroxide’^ or an “hydroxychlorophyll.’’ 
The chemical structure and spectrum of allomerized chlorophyll certainly 
deserve closer study, since it is the simplest oxidation product of chloro- 
phyll. It would also be important to know whether this oxidation can 
be conducted in a reversible way; so far, allomerization has usually been 
treated as an irreversible change (although Stoll and Wiedemann, 1932, 
asserted that the allomerization of compounds of the 6-series can be 
reversed by mild reductants). 

Allomerization can be delayed or prevented by small quantities of 
acid (Willstatter and Stoll) or by the presence of reducing substances 
(Stoll and Wiedemann), r Allomerized chlorophyll still reacts with cold 
alkali under the conditions of the phase test, but gives green chlorins 
directly, without the intermediate formation of a brown phase.^^ In 
preparation for a later discussion (pages 466 and 493), it may be useful 
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to point out that the absence of a visible brown phase does not necessarily 
prove that no colorless intermediate product is formed in the alkali 
cleavage of allomeri^sed chlorophyll. This result may also be explained 
by a slower rate of formation of the brown intermediate, combined -with 
an unchanged (or even accelerated) rate of its disappearance. 

It will be 'noted that, while the hydrogen atom in position 10 is 
labile in the sense that it is easily shifted to the oxygen atom in 
position 9, and allows an addition of oxygen or quinone, it is not neces- 
sarily easily remmahle from the chlorophyll molecule. It was stated in 
chapter 9 that the oxidation-reduction potential of an organic system of 
the type RHs/R depends on the degree of resonance stabilization of the 
double bond formed by oxidation. Even if the free eiierg}?" of hydro- 
genation is small or negative, the capacity for reversibly reduction may 
be absent because of the high energy of the “odd” reduction iiiterinodiate. 
Only those pairs RH 2 /R can act as reversible oxidation-reduction systcuns 
whose intermediate radicals (“semiquinones^-’) are stabilized by resfimince 
(page 231). Thus, the “lone” hydrogen atom which cliloropliyll 
possesses in position 10 could be available for easy, reversible oxidation- 
reduction only if the radical formed by its removal (10-nionodeliydro- 
chloropliyll) were stabilized b 3 " resonance. In equations (16.8) and 
(16.10), the oxidation of the CH — group was supposed to be brought 
about by additions and substitutions not involving the formation of free 
radicals. Oxidants of moderate oxidation potential, acting by straight- 
forward transfer of hydrogen atoms or electrons (cf. Chapter 9) are 
likely to leave the CH — group unaffected, and to remove instead the 
hydrogen atoms in positions 7 and 8, whose loss can be compensated for 
by the formation of a double bond. They convert phorbides into the 
corresponding porphyrins {i. e., remove two hydrogen atoms in nucleus 
IV), leaving the cyclopentanone ring intact. Two hj^'drogen atoms can 
be removed from chlorophyll, according to Conant, Dietz, Baile^^ and 
Kameiiing (1931), by potassium molybdicyanide, and according to Fischer 
and Laiitsch (1936) by silver oxide and silver acetate; with some chlorins, 
the same effect can be .achieved also by means of molecular oxygen if 
copper acetate is used as a catalyst (Fischer and Herrle 1936). 

According to Fischer^s interpretation of the nature of protocliloropli}^!, 
the oxidation of clilorophjdl ' by the above-mentioned dehydrogenizing 
agents should lead to protochlorophyll (provided the- hydrogen atoms in 
positions 7 and 8 are removed without side reactions). A confirmation 
of this conclusion.would .be of great Interest. ■ 

Even more interesting would be .a direct reduction of protoc.hlorophyIl. 
back to chlorophyll. Hoivover, the conversion of porphyri.,B.s into cMorins 
(or phorbiiis) by hydrogenation is one problem of chlorophyll synthesis 
which has not yet been successfully solved. Thus, , although the system 
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chlorophyll-protochlorophyll appears as a possible reversible oxidation- 
reduction system in the living cell, no proof of the reversibility of tins 
(or any other dihydrophorbin-phorbin) system has as yet been obtained 

in vitro. 

Another reaction which must be mentioned here is that of chlorophyll 
with /erne chloride, described by Rabinowitch and Weiss (1937) . When 
ferric salts are added to a methanol solution of chlorophyll (or allyl 
chlorophyllide), the solution instantaneously changes its color from green 
to yellow. Spectroscopic observation of the product shows (c/. Fig. 
51a) a practically complete disappearance of the red absorption band. 



Fig. 51. — Spectrum of “oxychlorophyll” (after Eabinowitch and Weiss 1937). 

a. Disappearance and restoration of the red band of ethyl chlorophyilide a in 
methanol. 

e before the reaction; ▲ immediately after the reaction with ferric chloride; A 
after restoration by ferrous chloride; O after restoration by excess sodium chloride; 
□ after standing. 

b. Disappearance of the red band of chlorophyll a in methanol by the addition 
of increased quantities of ceric ammonium nitrate (beginning with 1 mole ceric salt per 
mole chlorophyll in curve 1 and ending with 12 moles per mole chiorophyE in curve 5). 

The yellow solution can be changed back into the green form by the 
addition of ferrous chloride or another reductant. If this restoration is 
carried out immediately, the extinction curve of the restored product is 
identical with that of the original chlorophyll, the phase test^^ is 
unimpaired, and the reaction with ferric chloride can be repeated again. 
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Eabinowitcli and Weiss suggested that the reaction of chlorophyll 
with ferric ions is a reversible oxidation: 

( 16 . 'll) Chi + oChi -f 

where oCH (^^oxychloropliyll^O denotes a yellow, oxidized form of 
chloropliylL This explanation is supported by the fact that Fe"^“+ ions 
can be identified in the reaction products by means of a spot tes^with 
l,F“bipyridyl (which forms a red complex with divalent iron). Re- 
versible bleaching of chlorophyll can also be caused by other strongly 
oxidizing ions, e. g., ceric or tliallic ions (cf. Fig. 51b). 

The ''oxychlorophyll/^ assumed to be present in chlorophyll solutions 
decolorized by ferric ions, is unstable. Illumination by blue or violet 
light causes a rapid irreversible transformation: the solution becomes 
straw yellow and cannot be restored again to the green form. ^T)xy- 
chlorophyir^ is also irreversibly^ affected by water. 

' Additional proof seems to be needed to establish the correctness of 
interpretation (16.11). Some observations speak against it. For ex- 
ample, the green color can be restored not only by ferrous chloride, but 
also by other methanohsoliible salts (e, g., CaCh or NaCl), if used in a 
comparatively large quantity and (although much more slowly) by 
standing (in this case, the red band never reaches its original intensity). 
Outwardly, the reaction bears a striking resemblance to the phase test, 
and one is therefore tempted to explain it in a similar way, that is, by 
an enolization in position 9, induced by the highly charged ions 
or The return of the green color upon standing could then be 

explained in the same way as in the phase test, that is, by a disruption 
of the carbocyciic ring and formation of a green cliiorirq while the 
restoration of apparently intact chlorophyll by immediate addition of 
ferrous chloride or other salts can be considered as a ^^salt effect/^ which 
shifts the enolization eqiiilibrium.*|'"E.abinow'iteh and Weiss decided for 
the oxidation-reduction hypothesis, because of the above-mentioned 
analytical proof of the formation of ferrous ions, because, of the small 
concentration of ferrous chloride sufficient for the restoration of green 
color, and most of all because chlorophyll which was completely alloiner- 
ized by standing in methanol solution still proved capab.le of reacting 
with, ferric chloride. Since the hydrogen atom in position 10 has sup- 
posedly already been oxidized by allomerization, the oxidation by ferric 
chloride can plausibly be attributed, to nucleus IV; the disappearance , of 
the red absorption b,and fits well into' this hypothesis. On the other hand,, 
we have stated that the brown phase may not be visible in the' reaction 
of allornerized chlorophyll with alkali merely because of unfavorable i 
kinetic constants of its formation and decomposition. In the reaction 
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with ferric chloride, these conditions may be more favorable, allowing 
one not only to observe the formation of the brown phase, but also to 
reverse the reaction before the beginning of its second, irreversible stage. 

An additional argument in favor of the oxidation-reduction hypothesis^'^ 
(16.11) is provided by the effect of light on the reaction between chloro- 
phyll and ferric chloride, to be described on page 488. An oxidation 
reaction of chlorophyll is likely to be accelerated by light absorption, 
while an effect of illumination on the allomerization equilibrium (16.7) 
is much less probable. Because of the importance a definite proof of 
reversible oxidation of chlorophyll could have for the explanation of the 
role of this pigment in photosynthesis, the reaction of chlorophyll with 
ferric chloride certainly deserves further study. It must be proved, for 
example, that this reaction leaves the magnesium in the chlorophyll 
molecule unaffected, and does not cause a replacement of this metal by 
iron or hydrogen. 

Altogether, the chlorophyll molecule appears to be a very delicate 
system, with several groupings (vinyl group, CH — group in position 10, 
the two extra hydrogen atoms in positions 7 and 8) easily susceptible to 
oxidation and reduction. Interesting, and far from understood, internal 
relations exist between these spacially separated groups; and a close 
interaction is apparent also between them and the complexly bound 
magnesium; 

For none of these groups has a capacity for reversible oxidation or 
reduction been definitely proved by experiments in vitro. Such a proof 
would be very^ valuable, since it would indicate that chlorophyll can serve 
as an oxidation-reduction catalyst and would thus provide a firm basis 
for speculations as to the part which it plays in photosynthesis 
(c/. Chapter 19). ^ A first confirmation that chlorophyll can act as such 
a catalyst (even in the dark) can be seen in the observation of Rabino- 
witch and Weiss (1937) that, when ethyl chlorophyllide is left standing 
with ferric chloride in methanol, ferric chloride is reduced slowly in 
quantities far in excess of that of the chlorophyll present in solution. 
Probably chlorophyll catalyzes the oxidation of methanol by ferric chlo- 
ride; but this explanation has yet to be confirmed by analysis.! 


$ 


We have considered so far the oxidation-reduction systems formed by phorbin- 
dihydrophorbin, dihydrophorbin-tetrahydrophorbin and vinyl phorb in-ethyl pliorbin, 
as well as the transformation of chlorophyll into the radical (monodehydi’ochlorophyli) 
by the loss of the hydrogen atom in position 10. Another oxidation-reduction system 
is represented by the pair chlorophyll a-chlorophyli b (since according to Fischer these 
two pigments differ only by the replacement of the methyl side chain in modification a 
by a methoxyl chain in modification 6). However, the interconversion of these two 
forms is difficult, if at all possible (c/. Stoll and Wiedemann 19323). 
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4, Eliminatioa of Magnesium and Phytol 

The best investigated chemical reaction of magnesium in. clilorophyll 
and similar compounds is its elimination by acids (substitution, of two 
hydrogen atoms leading to the formation of two imiiio groups) wdiicli 
produces plieophytins (if pliytol is intact) or pheophorbides (if phytol 
has, been eliminated). 

The kinetics of the conversion of chlorophyll into plieophytin can be 
followed spectrophotometrically by observing the gradual weakening of 
the red absorption band, as has been done by Joslyn and Mackiniiey 
( 1938 , 1940) and Mackiniiey and Joslyn (1941). They found the 
rea(3tioii to be of the first order with respect to. and probably also 
with respect to chlorophyll Chlorophyll a reacts eight to nine times 
more: rapidly than chlorophyll h. They assume that the entrance of the 
first hydrogen a.tc),m is the slow rate-deter.rnming process. 

That ^'pheophytiriizatiori^’ is a two-step reaction (as envisaged ■ in 
equations 16.3) was confirmed by observations by Eabinowitcli and 
Weiss on the effect of light on this reaction (see page 493). While the 
removal of magnesium from chlorophyll occurs very easily (it can. be 
replaced not only hydrogen, but also by other divalent metals, e, g,^ 
copper, ziinc, iron), the reiiitroduction of magnesium into pheophorbide 
is much more difficult, although it can be achieved by means of Grignard 
reagents. 

Ruben, Frenkel, and Kamen (1942) found that pure chlorophyll does not exchange 
its magnesium for radioactive magnesium in the presence of m.ag.nesiuin salts, but that 
this exchange can be observed in crude leaf extracts. 

Another part of the clilorophjdl molecule which can be reversibly 
replaced, is phytol. This can be achieved by means of the enzyme 
eliloropliyllase, whose presence in plants, was discovered by WilistMter 
u,ncl Stoll (1913) (ef. Chapter 14, page 380). It is plausible that the 
purpose of chlorophyllase is to assist in the synthesis of ciiloropliyll 
rather than to participate in the photosynthetic process. 
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Chapter 17 

THE ACCESSORY PIGMENTS 
A. The Carotenoids'^ 

The occurrence and concentration of carotenoids in leaves and algae 
was described in chapter 15. The provsent chapter deals with their 
chemical properties. For general information and bibliography, refer- 
ence should be made to the monographs of Palmer (1922), Zechmeister 
(1934), Lederer (1934), and Bogert (1938); and for the xanthophylls to 
Strain (1938). 

L Chemical Structure 

Carotenoids are pigments — usually yellow, red or orange — whose 
chemical structure is characterized by a long, straight, unsaturated 
carbon chain, often terminated at one or both ends by an ionone ring 
(hexamethylene ring with one double bond). The carbon chain has an 
affinity for similar chains in fats and lipides and accounts for the lipophilic 
properties of the carotenoids. Some carotenoids contain no polar groups 
at all; others possess one or several hydroxyls or carbonyls in the terminal 
groups, which increase their solubility in alcohols, but are not enough to 
bring about solubility in water. 

Most carotenoids contain 40 carbon atoms, and 11 or more double 
bonds. Most or all of the double bonds are conjugated. The long 
chain of conjugated double bonds (so-called ^'polyene chain”) is a 
chromophore and is responsible for the color of the carotenoids. 

The nomenclature of the carotenoids is somewhat confused. This 
applies particularly to the term “xanthophylL” This name, meaning 
“leaf-yellow,” was introduced by Berzelius (1837) as a counterpart to 
chlorophyll, the “leaf-green.” Later, one of the two jmllow pigments of 
the leaves was found to be identical with carotene from carrot roots, and 
the use of the name xanthophyll was restricted to the other one. Still 
later, pigments similar to leaf xanthophyll w-ere found in algae and in 
many animal tissues, and also were called xanthophylls. On the other 
hand, the ^Teaf xanthophyll” itself proved to be a mixture of several 
pigments, the most common of them being identical with luteol, the 
coloring matter of egg yolk. Strain (1938) suggested that all carote- 

* Bibliography, page 480. 
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noids not containing oxygen (hydrocarbons,. C 40 H 56 ) be called camt€nes; ■ 
all carotenoids containing oxygen (in a carbonyl or hydroxyl group) be 
called xanthophylls; and the most abundant compound of this class in 
leaves, C4oH54(OIi)2, be called luteal, Bogert (1938), on the ot.her hand, 
proposed that the term carotenol be used as a generic name for all 
hydroxyl derivatives of carotenes, while ' the term xaiithophyll should 
either be eliminated altogether or reduced to its origiiial meaning 
(^‘'!eaf“Xaiithopyll^0‘ This suggestion has been followed in the present 
discussion. Furthermore, we are using the ending ol (rather than in) 
also in the designation of individual carotenols (e. g.y iuteol and not 
lutein; fucoxantliol and not fucoxanthin). 

Carotene^ C 40 H 56 , occurs in several isomeric forms. Only two have 
been definitely identified in green leaves, according to Mackinney^s 
(1935) analysis of 59 species. Both contain. 11 double bonds and two" 
ioiione rings. In the most abundant isomer, /5-carotene, all double bonds 
are conjugated (formula 17,1). The a-carotene, with, a double bond iii 
one ion one ring displaced, into the 5-6 position, and thus not conjugated 
with the' rest, has been identified by Mackinney (1935) in 40 specms, i.n 
concentrations up to 35% of the total carotene. Other .carotenes, found 
for example in flmvers, and perhaps present in traces in leaves as well 
(y-caroteiie, lycopene) have one or both ionone rings open, with one or 
two additional double bonds accounting for the isomerism with |5-carotene. 
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Formula 17.1. ^-Carotene. 

The asterisks indicate the positions of OH groups In Iuteol. 


The splitting by hydrolysis of the middle double bond in iS-carote.rie 
(indicated by arroiv) produces vitamin A. This vitamin .may be present 
as such in green leaves, as suggested, for instance, by Joyet-Lavergne 
(1937)., The alternation of single and double bonds and the arrangement 
of .methyl side, chains in carotene suggest a relationship with isoprene, 
GH 2 =C(CIi 3 )— CFI— the parent substance, of rubber, terpeiies, 
and probably also of phytol .(page, 439). . Phytol has .the sa.me carbon 
skeleton (C 20 ) as has vitamin A. A genetic relation .between phytol and 
the carotenoids was deemed possible by Willstatter and. Mieg (1907) and 
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made plausible by syntheses carried out by Karrer, Helfenstein, and 
Widmer (1928). 

The carotenols are a more diversified class than the carotenes; there 
are several groups of them with one to six oxygen atoms; and each has 
numerous isomers. As mentioned above, the species most common in 
green leaves is luteol^ a 3,3'“dihydroxy-a-carotene, with hydroxyl groups 
in positions indicated by asterisks in formula 17.1. However, according 
to Strain (1938), almost a dozen other carotenols are regularly found in 
green leaves. One of these is zeaxanthol (dihydroxy-jS-carotene), which 
is an isomer of luteol. It is the coloring matter of yellow corn. Table 
15.IV showed a sample of the composition of the ‘Teaf xanth|)phyll.^^ 
\A1I algae contsm carotene, and almost all contain luted. In addition, 
a number of carotenols not encountered in the higher plants was isolated 
from algae (c/. Table 15.V). ^The most important of them is fucoxantho\ 
occurring mainly in brown algae and diatoms. The formula of fuco- 
xanthol has been variously written as C 40 H 54 O 6 (Willstatter and Page 
1914), C 40 H 66 O 6 (Karrer 1929; Karrer, Helfenstein, Wehrli, Pieper, and 
Morf 1931), and C 40 H 60 O 6 (Heilbron and Phipers 1935). It contains, 
according to Karrer, ten double bonds; of the six oxygen atoms, four are 
hydroxyl oxygens (as shown by Zerewitinoff’s test for ^^active^^ hydrogen 
atoms), Heilbron and Phipers (1935) assumed that the two remaining 
are carbonyl oxygens, although certain carbonyl tests gave negative 
results. They suggested the accompanying formulation for the end- 
groups of fucoxanthol, which they thought may account for the inactivity 
of the carbonyl groups, as well as for the transformation of fucoxanthol 
into zeaxanthol which takes place in dried algae. (Zeaxanthol has end 

CHs CH, 

CH V 
CHj (!:hoh 

V 

H2 

Formula 17,11. End groups of fucoxanthol. 


groups similar to 17.11,. but without the carbonyl oxygen, and with a 
closed ionone ring.) .lather algal carotenoids are, for example, the 
“myxoxanthone” and “myxoxanthophyll” of blue-green algae. The first 
one, C 4 oHmO, contains 12 double bonds and one ionone ring, and one 
carbonyl group; myxoxanthophyU contains seven oxygen atoms, that is, 
one more than fucoxanthol (Heilbron, Lythgoe, and Phipers 1935; Heil- 
bron and Lythgoe 1936). 
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vZechmeister (1934) . remarked that the absence of the more highly 
oxidized of the two chlorophylls (chlorophyll 5) in brown aigaCy and the.: 
presence in them of a strongly oxidized carotenoid (fucoxaiitliol) may be 
more than a coincidence. 

Carotenoids are also present in purple bacteria, as was first shown by 
Molisch (1907). . Spirilloxanthin, C48H66O3, with 15 double bonds, was 
found in Spirillum rubrum by van Niel and Smith (1935). Karrer and 
Solinssen (1935, 1936) found five new carotenoids in Rhodombriorrliodo-- 
violascin, rhodopin, rhodopurpurin, flavorhodin, and rhodovibrin. lllio- 
doviolascin is the easiest to obtain in the pure state; according to Karrer 
and Solm^en (1936), it contains 13 double bonds and has the formula 
C4oH54(OCIi3)2, thus being an ester rather than a hydrocarbon or alcohof, 
as are most other carotenoids. Rhodoviolascin is an , open-chain com- 
pound. ItS' first absorption band lies comparatively far toward the red, 
at 573 mp in carbon disulfide and at 526 m/x in ethanol. Since it is known 
(Vol. II, Chapter 21) that the lengthening of the conjugated double- 
bond chain causes a shift of the absorption band tow^ards the red, rhodo- 
violascin probably has a chain of 13 conjugated double bonds (as against 
11 in /^-carotene and luteol), Rhodopin, which should more correctly be 
called rhodopol, (C40H57OH, c/. Karrer and Solmssen 1936, Karrer, 
Solmssen, and Koenig 1938) is a tertiary alcohol with one hydroxyl group 
and 12 double bonds. Rhodovibrin contains two oxygen atoms; its 
formula is probably C40H58O2. Flavorhodin and rhodopurpurin are hy- 
drocarbons, their names should thus be written as flavorhodene and 
rhodopurpurene. 

It is worth noting that the absorption bands of bacterial carotenoids 
are situated further towards the red than those of the carotenoids of the 
green plants, thus paralleling the relationship between chlorophyll and 
bacteriochlorophylL 

Apparently, carotenoid pigments are present also in green bacteria 
(see, for example, Katz and Wassink 1939). 

2. Oxidation and Reduction 

Molecular solutions as well as . colloidal solutions of carotene are 
quickly . bleached by light. This ' bleaching is due to oxidation^ and 
oxidizability is a general characteristic of the carotenoids. Strain (1938) 
has found, for instance, that, unless special precautions are taken, .up to 
50% of the leaf carotenoids may be lost by oxidation during the grinding 
of leaves, in air. Once the pigments have been extracted, the, danger of 
oxidation becomes less acute. Oxidation during extraction ,, can be 
piwented' by beating the leaves before grinding; Strain therefore attrib- 
utes it to a heat-sensitive enzyme. , 

. The c.arotenoids are also capable of reduction* Eleven, molecules of 
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hydrogen can be added catalytically to the 11 double bonds of carotene 
or luteoL Usually, hydrogenation of double bonds by molecular hydro- 
gen does not take place spontaneously in the absence of a catalyst, but 
noncatalytical hydrogenation has actually been observed in colloidal 
solutions of certain carotenoids. 

Formally, the relation between carotene and the carotenols is that of 
an oxidation-reduction pair. Willstatter and Stoll (1913) were struck by 
the occurrence of leaf pigments in pairs (chlorophyll a and chlorophyll &; ; 

carotene and xanthophyll). The second compound is in both cases an 
oxidation product of the first one, so at least it appears on paper. One 
could thus suggest that the two pairs form an oxidation-reduction system, 
for example, that illuminated chlorophyll a, converted into chlorophyll h ; 
by reducing carbon dioxide, can be restored by carotene — the latter being, 
in its turn, converted into xanthophyll. Hypotheses of this type will be 
discussed in chapter 19 (page 554). They were abandoned by Willstatter 
and Stoll (1918) because all attempts to convert xanthophyll into carotene 
(or vice versa) have remained unsuccessful. Ewart (1918) said that zinc 
dust reduces luteol in alcohol to carotene; but Strain (1938) was unable 
to find any carotene in the reduction products of luteol obtained by this 
or similar treatments. 

Even if we do not consider carotene and xanthophyll as two forms of 
an oxidation-reduction catalyst, we can still speculate about the role of 
these substances in photosynthesis. We may, for example, turn our 
attention to their unsaturated nature and capacity to bind hydrogen, 
and consider that they might serve as hydrogen transmitters. Another 
interesting possibility is that the carotenoids may play an active part 
in the liberation of oxygen. 

It has been known since Arnaud (1889) that carotenoids are easily autoxidizable. 
Carotene exposed to air for several weeks takes up about 12 oxygen atoms per molecule. 

The process probably begins with the formation of peroxides, but it does not stop there. 
When about 11 atoms of oxygen have been taken up, the carbon chain begins to crack, 
with the liberation of low-molecular volatile compounds. Glyoxal (HOC=GOH) lias 
been identified among these products by Pummerer, Rebmann, and Reindel (1931), and 
carbon dioxide by Escher (1932). From 0.6 to 0.8 mole of carbon dioxide was liberated 
in eight weeks by one mole of carotene. The absorption of oxygen by carotenoids is 
probably caused by the formation of ‘‘double-bond peroxides”: 


.-0=0— + O 2 


0—0 

I 1 


These peroxides might be able to transfer oxygen to other acceptors, thus explaining the 
carotene-catalyzed oxidation of unsaturated compounds. Olcovieh and Mattill (1931) , 
Olcott (1934), Monaghan and Schmitt (1932), and Franke (1932) found that traces of 
carotene accelerate the oxygen absorption by many autoxidizable substances, e. fj., 
linoleic acid. 


CAROTENOIDS, LIPIDES, ' PROTEINS 


..475' 


This capacity of carotenoids to serve as reversible oxygen acceptors lias caused 0. 
and H. von Euler and Heilstrom,, (1928), von Euler and Ahlstrom (1932) and Joyet- 
Lavergne (1935) to discuss the possibility that carotene (or the related vitamin A) may 
have a catalytic, function in,, the binding of oxygen in respiration. Equally feasible is 
their participation in the reverse process- — the liberation of oxy.gen i,n photosynthesis 
(r/. Chapter 11, page 292). 

It lias recently been proved (qf. Vol. II, Chapter 30) that light ab- 
sorbed by the carotenoids can be fully or partially utilized for photo- 
synthesis — probably by a primary transfer of excitation energy to chloro- 
phyll However, this subsidiary function of the carotenoids is unlikely 
to provide an adequate explanation of their ubiquitous occurrence in all 
pliotosyntliesizing cells, since in many of them — particularly the green 
cells of the higher plants — the contribution of the carotenoids to tlie total 
light absorption is almost negligible. 

3. Carotenoids, Lipides, and Proteins 

The affinity of carotenoids for lipides, which has lead to their desi,g- 
nation as ^Tipochromes,^^ should cause them to associate with lipides in 
the chloroplasts. If it is true that the lipides are concentrated in the 
grana (arguments in favor of this assumption have been mentioned in 
chapter 14), the carotenoids also must be accumulated in the grana. 

The association of carotenoids with lipides is indicated, e. g., by 
the protective action of lecithin on carotene colloids (Karrer and Strauss 
1938). Zechmeister (1934) suggested that this association may be 
caused by esterification of the polyene alcohol by the fatt}^ acid. He 
even spoke of the possible existence in leaves of a carotenoid-chlorophyll 
ester, with chlorophyll as the acid component, and carotenol replacing 
phytoi as the esterifying alcohol. However, carotene cannot form ester,s, 
yet associates itself with lipides; and luteol, although able to esterify, 
must be present in leaves in the free state, since it can be extracted 
without saponification. It thus appears that the carotenoid-lipide 
binding in iipochromes is of a less “chemicaF^ character than the alcohol- 
acid link in an ester; it is probably due to der Waals’ attractions^ 
between the long carbon chains in the carotenoids and in the lipides. 

The carotenoids are also capable of forming complexes with proteins. 
.Such complexes are known in nature (the brown pigm,e.nt of lobsters is 
an example), and can be obtained artificially, by coprecipitating carote- 
noids with proteins from colloidal solutions. . The pigment cannot be 
extracted from these precipitates by means of the usual organic solvents. 
In , contrast, to carotene-lecithin complexes, carotene-protein complexes 
are .not protected from, .oxidation; nor does this association, appreciably 
.shift the position of the absorption bands of carotene (in contrast to the 
behavior of chlorophyll in artificial chlorophyll-protein complexes; qf. 
page .388). 
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Various observations on the extraction of carotenoids from leaves 
and their oxidation in the process of extraction indicate that the carote- 
noids are actually associated with lipides and proteins in the living plant 
cells. In the case of chlorophyll, we have quoted the strong shift of the 
absorption bands towards the red as a sign of an association with pro- 
teins. The bands of the carotenoids in the living cells are shifted even 
more strongly than those of chlorophyll — as shown for instance by the 
brown color of Pheophyceae {cf. Vol. II, Chapter 22). Whether this shift 
is due to the interaction with proteins, or with lipides, remains an open 
question. The above-mentioned behavior of artificial protein-carote- 
noid complexes speaks against the first alternative; while the change of 
the spectrum of brown algae caused by heating (c/. Menke 1940) tends 
to support it, since it indicates a disruption of the complex by denatura- 
tion ^the proteins. 

^Carotenoids remain bound to proteins and chlorophyll in colloidal 
extracts of leaves and algae, described on pages 383 et seq. Figure 
46 showed the place which Hubert assigned to the carotenoids in the 
regular pattern of molecules in the chloroplasts. This assignment is 
hypothetical; however, a close association between chlorophyll and the 
carotenoids in the living cell is confirmed by the phenomenon of carote- 
noid-sensitized fluorescence of chlorophyll in vivo, which was observed 
by Dutton, Manning, and Duggar (1943), and will be discussed in Vol- 
ume II, Chapter 24. This association probably is responsible for the 
carotenoid-sensitized photosynthesis, and may also be a contributing 
cause of the strong shift of the carotenoid bands in vivo. 

The Phycobilins * 

The occurrence of the phycobilins (phycocyanin and phycoerythrin) 
in the blue-green and red algae was discussed in chapter 15. Here some 
information will be given as to their as yet incompletely known chemical 
structure. 

As described in chapter 15, phycocyanin was discovered by von Eisen- 
beck (1836) and phycoerj^thrin by Kiitzing (1843) ; the latter gave both 
pigments their names. Their proteinaceous nature was noticed by 
von Eisenbeck; its confirmation came from Molisch (1894, 1895) and 
Kylin (1910). Kylin was probably the first to prepare these chromo- 
proteids in the crystalline state. Among the more recent investigators 
of the phycobilins, one may name Kitasato (1925) and particularly 
Lemberg (1928, 1929, 1930), who succeeded in separating the chromo- 
phoric group from the carrier protein, and gaining some insight into the 
nature of the chromophore. Because of their similarity to the bile pig- 
ments, Lemberg suggested for these chromophores the name phycobilins, 

* Bibliography, page 481. 
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The protein-pigment bond is particularly strong in the phycobilins. 
It is not disrupted by organic solvents, which cause the denaturation of 
the proteins, quite unlike the chlorophyll-protein bond* Even after 
digestion with pepsin, parts of the broken-down protein molecules . still 
cling to the pigment. Lemberg suggested therefore that the pigment 
is bound to the protein by a true chemical bond, for example, a peptide 
link, R'CO— NHR", Avhere R'COOH is the pigment and R"NH2 is the 
protein. 

Lemberg (1930) split this link by hot hydrochloric acid. The 
absorption bands were shifted by this treatment towards the violet end 
of, the spectrum, by as much as 60 ni/x; but the cliromoplioro seemed 
otherwise intact. It can be dissolved in chloroform or alcohol, but is 
insoluble in water and benzene. The elementary analysis of the protein- 
free ^^ph 3 -"Gocyanobilm^^ by Lemberg (1929) gave values in agreement 
with the formula, C 34 H 44 OSN 4 (molecular weight, 636). The /^phyco- 
erythrobilin” is probably closely related in its structure to the ^‘phyco- 
cyanobilin.^^ Kylin (1910) and Kitasato (1925) found that this red 
pigment turns blue upon digestion of the protein with pepsin; Lemberg 
(1930) proved that this change occurs only in the presence of oxygen, 
and that it is accelerated by ferric chloride; it seems likely that the 
blue oxidation product of erythrobilin is identical with cyanobilin. Thus, 
once again, as in the case of the two chlorophylls, or of carotene and 
xanthophyll, we have to deal wdth a pair of pigments which stand to each 
other in the relation of an oxidation product to a reduction product; and 
here, at least, a direct conversion appears possible. 

The phycobilin chromoproteids are amphoteric, although somewhat 
more acidic; but they are easily esterified. They form complexes with 
zinc and copper, but do not contain any metal in the natural state. 
Small amounts (0.25%) of calcium, found by Lemberg (1928) in their 
ash, were probably due to adsorbed calcium sulfate; magnesium and iron 
are definitely absent. 

Lemberg's analysis of phycocyanobilins makes it probable that they 
are Mrapyrrole derivatives^ similar to porphyrins, chlorins, phorbins, and 
bile pigments. The structure of the absorption spectra (e. the absence 
of a. strong band in the region of 400-430 mju), and the chemical prop- 
ertievS, s,peak against a porphin structure, and in, favor of., a so-called 
, 'structure— an open chain of; four pyrrole nuclei linked by C.Hs— 
or C.H—' bridges. Formula 17.III show’s the ^'bilan/' the hypothetical 
mother substance of the bile pig.ments. Genetic relationships between 
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porphyrins and bile pigments in the animal organisms are not only 
possible but probable, and one may suspect that a similar relationship 
exists between chlorophyll and the phycobilins in the algae. 

The proteins associated with the phycobilins are probably globulins, 
with isoelectric points at pH 4 to pH 5. Roche (1933) found 4.30 for 
the phycoerythrin from Ceramium rubrum^ and 4.75 for the phycocyanin 
from Aphanizomenon flos aquae. Because of the convenience with which 
the sedimentation of colored proteins can be observed, phycoerythrin 
and phycocyanin were among the first substances investigated by means 
of Svedberg’s ultracentrifuge. The papers by Svedberg and Lewis 
(1928), Svedberg and Katsurai (1929), Svedberg and Eriksson (1932), 
and Eriksson-Quensel (1938) brought much information as to the 
molecular weights and other properties of these chromoproteids under 
different conditions. At first, Svedberg and Lewis (1928), w^orking at 
pH 6.8-7.0, found that the phycoerythrin protein w?-as twice as large as 
the phycocyanin protein (molecular weights, 208,000 and 106,000, 
respectively). They calculated from the sedimentation constant of 
phycoerythrin a diffusion constant of 7.0 X 10”^ cm.^ (at 30° C.), a 
value consistent with the assumption that the phycoerythrin molecules 
are spheres obeying Einstein’s diffusion law, having a density of 1.33 and 
a radius of 39.5 A. 

Later, experiments by Svedberg and Katsurai (1929) showed that, 
if measured near the isoelectric point (pH 4-5), both phycoerythrin and 
phycocyanin have molecular weights of about 208,000. The phycocyanin 
molecule is, however, more easily split at the higher pH values than the 
phycoerythrin molecule. At pH 6.8, the phycoerythrin molecules are 
still intact, whereas most of the phycocyanin molecules from Porphyra 
are split into halves, and those from Aphanizomenon consist of 65% 
‘^full-size” molecules and 35% “half-size” molecules. At pH 11, phy- 
coerythrin is also partly split into smaller molecules (75% 208,000 and 
25% 34,700), and phycocyanin (from Aphanizomenon) is completely 
divided into molecules with a molecular weight of 34,700. Svedberg 
and Eriksson (1932) made experiments with fresh algal extracts and 
showed that their molecular weight was the same as that of products 
purified by crystallization. The molecular weight of phycocyanin from 
A. flos aquae was again found to be 208,000, that of the phycoerythrin 
iiom Poly siphonia urceolata, 196,000. The phycocyanin breaks into 
half-size molecules both on the alkaline and on the acid side of the stable 
region (pH 2.5-5.0). Below pH 1.5 and above pH 8.0, it breaks into 
inhomogeneous products. 

The observation of the sedimentation equilibrium gives the molecular 
weight, M; the measurement of the sedimentation velocity gives the 
coefficient of viscosity, /; by combination with M, it is possible to calculate 
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the coefficient of diffusion D. On the other hand/ diffusion can be' 
measured directly^ as this was done by Tiselius and Gross (1934) for 
the phycobilins. They obtained values for D at pH 5 of about 4.0 X 
cm.Vsec— considerably lower than the values calculated from sedimen- 
tation experiments. The agreement was restored by new measurements 
of the sedimentation equilibrium by Eriksson-Quensel (1938)^ which gave 
for the molecular weights values almost 50% larger than those reported 
previously (and thus correspondingly reduced the diffusion coefficients). 
The new molecular weights are: 

Compound pH M 

Phycoerytiirin (Ceramiiun) 3-10 291.000 

Piiycocyanin {Ceraniiwn) 2.5-6 273.000 

7-8.5 138.000 

Assuming with Svedberg that protein molecules are built up of ‘^hiiiits’^ 
with a weight of about 17^600, the phycobilins must be classed with the 
protein molecules consisting of 16 units (molecular weight, 282,000). 

The chromoproteids contain, according to Lemberg (1929), about 
2% pigment and 98% protein. This corresponds to one molecule of 
pigment per two Svedberg units of protein, a whole order of magnitude 
less than what we found in chapter 14 for the hypothetical clilorophyll- 
protein complex. We shall find in Volume II, Chapter 21, indications 
that Lemberg’s estimate of the ratio of pigment to protein may be too low. 

Light absorbed by the phycobilins undoubtedly is used for photo- 
synthesis (c/. VoL II, Chapter 30); and this may well be the main func- 
tion of these pigments in algae (in contrast to what was said above about 
the carotenoids). Whether the sensitization of photosynthesis by phy- 
cobilins occurs directly, or by a preliminary energy transfer to chloro- 
phyll, remains to be elucidated. 

C. Flavones and Anthocyanins * 

Carotenoids are the most lipophilic and least hydrophilic of the leaf 
pigments; the chlorophylls, and even more so the phycobilins, are less 
hydrophobic, particularly in association with proteins. Leaves also 
contain, in addition to chlorophyll and the carotenoids, pigments . which 
form true aqueous solutions, and are therefore concentrated in, the cell 
sap rather than in the chloroplasts. These are yellow pigments of the 
flamm class; and since their distribution in the leaves nia.kes a relation 
to photosynthesis improbable, we shall be satisfied ■with only a few words 
about them. 

Flavones are derivatives of benzopyrone. They occur in' all pa'rts of. 
plants, often in the form of .glucosides. One of the most common of 
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them is quercetin (Formula 17 JV). Information on flavones can be 
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Formula 17. IV. Quercetin CieHioO? 


found in the books and reviews of Mayer (1935), Karrer (1932), and 
Perkin and Everest (1918), and in an article by Link (1938), 

Anthocyanins are red reduction products of yellow flavones. Nor- 
mally, leaves do not contain anthocyanins, but they occur in certain 
varieties {purpurea leaves), and also in certain development stages of 
ordinarily green leaves (e. g., in very young leaves, which often appear 
red before they turn green). Noack (1922) suggested that flavones and 
anthocyanins may form reversible oxidation-reduction systems which are 
somehow related to photosynthesis. This system is normally in the 
oxidized state (flavones) but may be transformed into the reduced state 
(anthocyanins) when photosynthesis is inhibited. This suggestion is 
purely speculative; but it is noteworthy that in flavones and antho- 
cyanins, we encounter another example of pigments which can occur in 
an oxidized and a reduced form, similarly to the chlorophylls, the carote- 
noids, and the phycobilins. 
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Chapter 18 

THE PHOTOCHEMISTRY OF PIGMENTS IN VITRO 
A . The Primary Photochemical Process* 

The division of this treatise into a “chemical” and a “plij^sical” 
part makes necessary a discussion of the photochemical reactions of 
chlorophyll before the description of its spectrum (cf. Vol. II, Chapters 
21 and 22) and fluorescence {cf. Vol. II, Chapters 23 and 24). A close 
relation exists, however, between these phenomena, in particular between 
fluorescence and the 'primary photochemical process, which often represent 
two alternative ways of utilization of light energy: 

fluorescence 

Excitation or 

> photochemical reaction 
(direct or sensitized) 

However, it will be shown in chapter 23 (Vol. II) that the fluorescence 
of chlorophyll in solution is not affected by certain compounds (e. g., iso- 
amylaniine or thiourea) whose autoxidation is sensitized by this pigment; 
and that oxygen affects it only when its partial pressure exceeds 100 mni. 
— while a much lower concentration is sufficient to obtain a full efficiency 
of sensitized autoxidation. This demonstrates that, in the case of 
chlorophyll, the primary process of sensitized autoxidation does mt 
com/pete with fluorescence. To explain this rather unusual relationship (for 
other similar cases, see Shpolskij and Sheremetev 1936), one can assume 
that excited chlorophyll molecules have a choice between fluorescence 
and transformation into long-lived, active products, whose secondary 
reactions ' can bring about sensitization: 

, fluorescence 

Excitation ' or sensitization 

transformation or 

into long-lived secondary reactions 

active products which lead to deactivation 


. The comparatively .long life of these active products explains why 
sensitized autoxidation can have a high quantum yield even at very low 
concentrations , of the autoxidation substrates and of oxygen. These 
relations will be discussed in more detail elsewhere {cf. Chapter 19) ; what 


* Bibliography, page 523. 
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is important for ns here is the statement that light absorption by chloro- 
phyll in solution may lead to the formation of long-lived active products, 
Weil and Malherbe (1944) suggested that strong self-quenching may ex- 
plain the nonquenching of fluorescence by sensitization substrates; but 
this explanation is not applicable when the quantum yield of sensitization 
is high. 

1. Long-Lived Activated States 

In the photochemistry of simple molecules in the gas phase ^ the only 
alternative to short-lived electronic excitation (duration sec.) is 

primary photochemical dissociation. If this dissociation is reversible, and 
the dissociation products are capable of catalyzing autoxidations, this 
mechanism can account for the lack of relationship between fluorescence 
and sensitization, since the “long-lived activation state’^ can be identified 
with the state of dissociation. However, in a complex molecule in solution^ 
several other processes — e. g., tautomerization^ or reversible photochemical 
reaction with the solvent— also may lead to “long-lived activation/^ We 
shall discuss these alternatives presently. 

(a) Primary Dissociation 

Excited dyestuff molecules may dissociate, e. g., lose a hydrogen 
atom (Franck and Wood 1936). 

( 18 . 1 ) Chi* >H + oChl 

(o for oxidized, e. dehydrogenated chlorophyll). One may object 
that, if such dissociation would occur, chlorophyll solutions would not 
fluoresce at all; in diatomic gases (like iodine vapor), direct photo- 
chemical dissociation takes place within one vibrational period of the 
molecule 10“^^ sec.), thus reducing fluorescence to zero. However, 
in polyatomic molecules, photochemical dissociation may be delayed 
until sufficient thermal energy has accumulated (by energy fluctuation 
within the molecule) in the degree of freedom where it is needed for 
decomposition (Franck and Herzfeld 1937); and the delay may give to 
some excited molecules the chance to fluoresce. 

However, a direct photochemical dissociation of chlorophyll appears 
unlikety for a different reason, the insufficiency of available energy. In 
the lowest fluorescent state, F, reached by absorption of red light (qf. 
VoL II, Chapter 21), chlorophyll contains only about 40 kcal per mole of 
excitation energy, hardly sufficient to break a carbon-hydrogen bond. 
(According to table 9.II, a standard E — H bond has a strength of about 
100 kcal; stabilization of radical R by resonance could bring it to 70, 
perhaps even to 60 kcal— as in the case of viologens, mentioned on page 
233 — ^but hardly any lower.) 

In the nonfluorescent excited state B which is reached by the ab- 
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sorptioD of blue or violet light, chlorophyll contains about 67 kcal of 
excitation energy, an amount which may, with the assistance of thermal 
energy^ suffice to bring about dissociation. The lower yield of fluores- 
cence (Prins, cf. VoL II, Chapter 23) and the higher yield of bleaching 
(Wurmser, c/. page 496) observed in chlorophyll solutions in blue light 
,(as compared with red light) may be s3?'mptoms of such a direct photo- 
chemical dissociation; but these results need experimental confirmation. 

(b) Tautomerization 

An excited organic molecule may pass, by means of a nonradiant 
internal transformation, into the ground state of a tautomeric form: 

(18.2) , ■ ChP ;F==:n Chl 

(t for tautomeric). Often, the result of tautomerization is ^hiela^^ed 
fluorescence/’ or phosphorescence {cf. VoL II, Chapter 23). Chlorophyll 
solutions, as a rule, do not show this effect. However, this does not prove 
the absence of tautomerization; the energy of the tautomer may merely 
be too low to allow its return into the normal form by a reversal of the 
process by which it was formed (that is, by means of the back reaction 
in 18.2, and emission of delayed fluorescence) while the direct trans- 
formation of the tautomer back into the ordinary pigment, may occur by a 
nonradiant rather than with the emission of phosphorescence process (cf. 
VoL II, Scheme 23.1). 

(c) Reversible Chemical Reaction 

Excited chlorophyll molecules react mth the solvent^ the most 
probable reaction being an oxidation-reduction. (An electronically ex- 
cited molecule has an increased tendency for giving away an electron, 
as well as a capacity for acquiring an electron to replace the one which 
was removed from its normal level; cf. Weiss 1938). 

(18.3) Chi* 4“ Ox. j^ oChi 4- rOx. or 

(18.4) CM*”hIted. ^ rChl 4- oEed. 

(Ox. for oxidant, Red. for reductant, o for oxidized, r for reduced.) In 
impure, or concentrated solutions, an impurity^ or a second molecule of 
the pigment^ may replace the solvent as partner in the oxidation-reduction. 
In the. last case, the primary photochemical reaction mB^photadismutation: 

(18.5) Chi* 4- Chi— ^rChl4-oChl 

Since the. quantum yield of the irreversible photochemical decomposition 
of chlorophyH in solution is very small (cf. page 496), any of the above 
reactions, ,if it occurs with a high, quantum 3 deld,^ must be almost com- 
pletely reversible. , 

To sum, up— in considering the fate of excitation energy in illuminated 
chlorophyll solutions, we may neglqct the probability of monomolecular 
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dissociation, at least when dealing with the excitation by yellow or red 
light, but have to keep in mind the possibilities of tautomerization, 
reversible oxidation (or reduction), and dismutation. 

Kaiitsky, Hirsch, and Flesch (1935), when they first suggested the existence of 
long-lived excited states in dyestuff solutions, thought of metastaUe electronic states 
(similar to those of free atoms). But because of the density and mutual overlapping 
of energy levels of complex molecules, states of this type are unlikely to be long-lived 
in organic molecules. Kautsky (1937) thought electronic excitation may become long- 
lived, in concentrated dyestuff solutions, in consequence of a continuous exchange of 
excitation energy between colliding molecules. However, a photon cannot avoid being 
re-emitted in this way any more than a man can increase his life expectancy by changing 
his address often. The hypothesis of metastable (triplet) electronic states of organic 
molecules has been revived by Lewis and Kasha (1944); however, it seems that if the 
rule which prohibits singlet-triplet transitions does not preclude the formation of the 
triplet state from the excited singlet state within < 10“^ sec., it is unlikely to delay its 
transformation into the singlet ground state for as long as several seconds or even 
minutes. 

2. Reversible Photochemical Reactions 

When light absorption leads to a chemical change, we may assume 
that the reaction product does not absorb light in exactly the same 
spectral region as the original species. The color of intensely illuminated 
dyestuff solutions which undergo reversible photochemical transforma- 
tions, must therefore be different from their color in dim light. In 
extreme cases (high yield of decolorization, slow back reaction) the 
result may be a complete (but nevertheless reversible) loss of color in 
light (as observed in illuminated thionine solutions in presence of ferrous 
ions; cf. pages 77 and 152). Since the maximum light absorption, 
realizable in photochemical experiments with intensely colored pigments, 
is of the order of ten absorption acts per molecule per second {cf. VoL II, 
Chapter 25), decolorization can be observed visually only if the back 
reaction requires at least a tenth of a second. If the back reaction 
occurs in 0.01 sec., decolorization can still be detected by photometry. 

Air-saturated chlorophyll solutions (in methanol) do not show re- 
versible bleaching. But if oxygen is driven out by pure nitrogen, a 
reversible bleaching becomes detectable by photometric methods (Porret 
and Rabinowitch 1937; Livingston 1941). Porret and Rabinowitch, 
using a 2000-watt carbon arc, observed, in a 2 X lO”® M chloroph}^! solu- 
tion, a reversible bleaching of about 1% (measured in red light). Thus: 

(18.6) ni^^ayr^Om 

where n^v stands for the frequency of light absorption, a for the reduction 
in absorbing power in the red caused by bleaching, r for the quantum 
yield, and T for the mean life of the bleached state. The frequency, 
nhvj was approximately 1 (z. each molecule absorbed once in a second). 
The speed with which the color returned in the dark indicated that r 
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was of the order of 10 seconds. Thus, ay must have been of the order 
of 0.001. This means y = 10"®, if the bleached product absorbs.no 
red light at all, and y > 10"®, if the red absorption band i,s only weakened. 
In Livingston^s experiment, a 500-'watt carbon arc was used, and approxi- 
mately 4 X 10^® quanta were absorbed per sec. in 10 ml. of a' 2 X 10“® 

molar solution of chlorophyll, corre- 

sponding to = 0.03. The sta- © I 

tionary bleaching was correspond- ^ | 

iiigly weaker — of the order of 0,1%. ^ || ^ 

The back reaction was slower than ^ “ |j| 

in the experiments' of Porret and k ^ 

Rabiiiowitch — ^its half period was — — [l \ 

of the order of 100 seconds. This I i— 

leads to ay values of the order of \ c * 

3 X 10"k Similar quantum yields _ 

were obtained by direct evaluation » ' L 

of the rate of bleaching (from the ^ _ - I T, ““ 

initial slope of the curves in Fig. 52 ). ^ J \ oo L 

According to Porret and Rabin- ' \ ^ 

owitch, stationary bleaching is pro- ^ ~ fL 

portional to the square root of light ^ pr 

intensity. This can be understood | \ 

if one assumes that the rate of bleach- > 

ing is proportional to light intensity, ^ ® 

while the rate of the back reaction ^ 

is proportional to the square of the L i. J_ — 

concentration of the bleached prod- a«cond& 

uct. Livingston confirmed this by a Fig. 52.-— Reversible bleaching of 

direct determination of the rate of chlorophyll in oxygen-free methanol 

the back reaction (by analysis of the Livin^ton 1941). Curve A shows 

, j. . the approach to a photostationary state 

declining sections of the curves in illumination period of 200 sec- 

Fig. 52) , which .he found to obey a onds. Curves B and C correspond to 
second-order law. However, the bi- very short illumination peiiods. The 
molecular constant of the equation: regeneration of color occurs by a second- 

order reaction (rate of restoration of color 
(18.6a) dfChiydt = /G[bChlJ proportional to the square of bleaching), 


Tim«^ a«cond& 

Fig. 52. — Reversible bleaching of 
chlorophyll in oxygen-free methanol 
(after Livingston 1941) , Curve A shows 
the approach to a photostationary state 
after an illumination period of 200 sec- 
onds. Curves B and C correspond to 
very short illumination periods. The 
regeneration of color occurs by a second- 
order reaction (rate of restoration of color 
proportional to the square of bleaching), 
as shown by the shape of the descending 
sections of curves A, B, and C. 


/I n -s -I 1 • 1 I "I ’ll OJUlUWiX uy Uixc; CUUOiUC yJLAC 

(b for bleached) varied strongly with C. 

the purity of the solvent (the values 

corresponding to the three curves in figure 52 were 0.65 X 10®, 5.9 X 10®, 
and 8.3 X 10®, respectively). 

Addition of hydroquinone or allylthiourea, compounds whose autoxida- 
tion is sensitized by chlorophyll, or even the substitution of a 50% 
methanol and 50% isoamylamine mixture for pure methanol as solvent, 
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had no effect on bleaching. Oxygen, on the other hand, suppressed the 
bleaching entirely, even in a concentration as low as 10“~® mole per liter. 
It must be stressed that oxygen inhibits reversible bleaching, and does 
not merely make it irreversible: the quantum yield of irreversible photoxh 
dation of chlorophyll in methanol (< 10“^; cf. below, page 497) is at 
least one order of magnitude smaller than that of reversible bleaching 
(> 10“®; cf. above, page 487). 

Carbon dioxide had no effect on reversible bleaching, while /omfc mU 
was found by Porret and Rabinowitch to increase it from 1% to as much 
as 10 to 30%. These very strong bleaching effects still were practically 
completely reversible and could be suppressed by traces of oxygen. 
Livingston, too, found that the rate of restoration of bleached chlorophyll 



Fig. 53.— 'Reversible bleaching of chlorophyll in methanol by ferric chloride (after 
Rabinowitch). Extent of bleaching in the photostationary state plotted as function 
of [FeCls] concentration, for various amounts of FeCh. Broken curves indicate the 
probable effect of the dark reaction. 

is made three or four times slower by the addition of 10“^ mole per liter 
of formic acid. Experiments with other acids proved that these effects 
are specific for formic acid (and not due to hydrogen ions). 

In addition to oxygen, the reversible bleaching of chlorophyll solutions 
also is inhibited by ferrous chloride. This reminds one of the reversible 
discoloration of chlorophyH by ferric chloride in the dark, which, too, 
can be inhibited by ferrous salts (page 464). Observations by Rabino- 
witch (unpublished) showed that the equilibrium between chlorophjdl 
and ferric and ferrous chloride (in methanol) is displaced in light: chloro- 
phyll solutions containing ferric and ferrous chloride in proportions 
which do not cause marked discoloration in the dark are reversibly 
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bleached in light. This bleaching is of the same order of magnitude, as 
that observed in pure, oxygen-free, chlorophyll solutions (1 e,, -- 1%), 
but it is no^ suppressed by oxygen. The bleaching experiment with 
ferric chloride can be repeated indefinitely with one and the same solution 
(provided that only red light is used, since blue light causes an irreversible' 
decomposition of the “oxy chlorophyll,'' cf. page 465). Figure 53 shows 
the stationary bleaching as a function of the concentration of ferric 
chloride. A saturation at [FeCh] values as low as 5 X 10“"® mole per 
liter is exhibited. At the larger [FeCh] values, the bleaching becomes 
weaker, probably because the thermal equilibrium between chloropliyll, 
ferri and ferro ions is shifted towards oxidation. 

According to pages 484 et seq, reversible bleaching of chlorophyll could 
be caused by its tautomerization, dismuiation, oxidation j or redudmh It 
was mentioned previously that the effect in pure, oxygen-free solut,ions 
is proportional to the square root of light intensity. If bleaching were 
caused by tautomerization, the back reaction would be mmiomolecular^ 
and the effect would be proportional to the first power of light intensity, 
as shown by the following equations (t for tautomeric): 


(18.7) 

Clil* tChi 

dark 

(18.8a) 

= kl (bleaching) 

(18.8b) 

-j- (back reaction) 

(18.8c) 

hi 

[tCM] = p* (stationary state) 


It was stated above that a proportionality of the stationary bleaching 
with the square root of light intensity indicates a bimolecular back reaction^ 
e.g,: 

light 

(18.9) ChP + X A 4- B 

dark 

, (18.10a) — = hi .(bleaching) 

(18.i0b) -f tB] = i^TAJ (back reaction) 

(18.10c) A[CM3 = [A] « (stationary state) 

where A[Chl] is the amount of chlorophyll missing during the illumina- 
tion, While the effect of light intensity excludes tautomerization as the 
cause of reversible bleaching, the low" concentration of chlorophyll ( ^ .10'"* ® 
mole per liter) seems to exclude dfsmuiJ-afen. , {The results . of ."fl'eiss , and 
Weil-Maiherbe, 1944, seem to indicate.. that.. dismutation is not' entirely 
impossible even at these low co.ncentrations,) . This seems to leave an 
oxidation-reduction xmeiion v^ith the solvent (or an impurity?) as the 
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only possible explanation of reversible bleaching. This hypothesis will 
be discussed, below (page 491). 

First, however, we shall consider the suggestion of Franck and 
Livingston (1941), and Livingston (1941), that a combination of tautomer- 
ization and dismutation may explain the facts which could not be inter- 
preted by any one of these processes separately: 

(18.11a) CM* > tCM (tautomerization) 

(18.11b) tChl + CM — > oCM + rCM (dismutation) 

(18.11c) oCM + rCM > 2 CM (back reaction) 


In this scheme, tautomerization leads to an intermediary state which is 
long-lived enough to provide an opportunity for dismutation; but the 
bleached state is represented, not by tautomerized chlorophyll, but by 
the products of dismutation, oChl + rChl, and therefore requires a 
bimolecular reaction for its termination. The inhibiting effect of oxygen 
was attributed by Franck and Livingston to a catalytic acceleration of 
the back reaction (18.11c), e. g.: 


(18.12a) rCM -f O 2 ^ CM + HO 2 

(18.12b) HOa + oChl CM + O 2 

(18.12) oCM + rCM ^ 2 CM 


In a similar way, the inhibiting effect of ferrous ions can be attributed 
to a catalytic acceleration of reaction (18.11c) by the system Fe'^'^+-Fe“*”+. 
The bleaching of chlorophyll hy ferric ions was attributed by Eabinowitch 
and Weiss (1937) to its reversible oxidation (cf. page 465). Franck and 
Livingston suggested that in this case, too, tautomerization is a prelimi- 
nary step: 

(IS.lSa) CM* ^tCM 

(18.13b) tCM 4- Fe++-^ — > oCM + Fe++ 

(18.13c) oCM -f Fe++ > CM + Fe+++ 


The low concentration of Fe‘^“^+ ions, which is sufficient to obtain a 
maximum effect {cf. Fig. 53), supports this point of view. Measure- 
ments of the effect of ferric chloride on fluorescence should show whether 
the reaction of ChP with Fe+++ competes with fluorescence, or whether 
this competition is eliminated by the intermediate formation of a tau- 
tomer, as assumed in (18.13a). Reaction (18.13c) can be accelerated 
by ferrous salts but — ^in contrast to (18.11c) — -it cannot be affected by 
oxygen. This gives a plausible explanation of why the reversible bleach- 
ing caused by ferric chloride is insensitive to oxygen. 

Although these schemes explain satisfactorily the reversible bleaching 
of chlorophyll solutions (as well as the quenching phenomena mentioned 
on page 483 and described in more detail in VoL II, Chapter 23), 


REVERSIBLE PHOTOCHEMICAL 'REACTIONS ' 491 

one must remember that they are based on experiments of an exploratory 
character, and that only precise measurements with chemically . well- 
defined preparations, in different pure solvents, could provide a basis for 
a more definitive theory. 

The effect of the solvent, in particular, must be studied more closely. 
Phenomena ascribed by Franck and Livingston to a primary tautomer- 
ization (and subsequent dismutation or oxidation), could equally well be 
explained by a primary reversible reaction with the solvent. For example, 
the bleaching of chlorophyll in oxygen-free methanol, could be attributed 
(instead of reactions 18.11) to one of the following processes: 

light 

( 18 . 14 ) Chi* + S ?==i rChl + oS or 

dark 

light 

( 18 . 15 ) Chi* + S oChl + rS 

dark 

(where S is the solvent). Similarly to (18.11c), these equations indicate 
a bimolecular back reaction, and thus lead to a proportionality of sta- 
tionary bleaching with the square root of light intensity. 

If bleaching is a reduction^ as assumed in (18.14), its inhibition by 
oxygen can be attributed either to the reoxidation of reduced chlorophyll : 

(18.16) rChl + I O 2 ^ Chi -j- i H 2 O 

(leaving oxidized solvent as a net product), or to a catalysis of the back 
reaction in (18.14) by the system 02-~H02, as suggested by Franck and 
Livingston in (18.12). On tlie other hand, if bleaching is an oxidation j 
as postulated in (18.15), the oxygm effect can be explained only by a 
catalytic acceleration, according to (18.12), since an oxidation of the 
reduced product, rS, by oxygen would leave oxidized chlorophyll as a net 
reaction product. (This is a possible mechanism of irreversible photoxi’^ 
dation of chlorophyll, which will be discussed on pages 494 et seq.; but 
because of the low quantum yield of the latter process, it can account 
only for a small fraction of the products of reversible bleaching.) 

In the interpretation of the reversible bleaching by ferric chloride^ 
too, a' reaction with the solvent can be substituted for tautonierization. 
For example, one may write, instead of (18.13): 

(1,8.17a) Chl^ -f S oChl rS 

(18.17b) rS-fFe+++ >S4-Fe++ 

,(18.17c). oChl + Fe++ >Chl4-Fe+++ 

Ferric' ions remove the product, rS,. according to (18.17b), and can thus 
^prevent the, catalytic acceleration, of the back reaction in, (18.1'7a) ,.by 
oxygen. This makes the bleaching independent of oxygen (presumption 
being that the Fe"^"^ ions reduce oChl much more slowly than the .radicals,. 
HO 2 ).. , 
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This discussion was not intended to show that a reversible photo- 
chemical reaction with the solvent provides a better explanation of the 
sensitization by chlorophyll and of its bleaching than does a reversible 
tautomerization; but merely to suggest that neither explanation can as 
yet be accepted as final. 

Photochemical reactions between chlorophyll and solvent were made plausible also 
by experiments of Knorr and Albers on changes in chlorophyll fluorescence with time 
(described on pages 497 and 501). These investigators found that photodecomposi- 
tion occurs, in certain chlorophyll solutions, even in an atmosphere of pure nitrogen or 
carbon dioxide, and that in one case (chlorophyll a in acetone) it is even inhibited hj 
oxygen. This reminds one of the oxygen inhibition of reversible bleaching, and can be 
explained by the assumption that the primary reaction in light is a reveraible reaction 
with the solvent (acetone), whose reversal is catalyzed by oxygen; in the absence of 
oxygen, the primary product lives long enough to suffer an irreversible decomposition 
by violet or ultraviolet light (c/. page 465). 

Another point in need of elucidation is the possible existence of a 
reversible chlorophyll-oxygen complex. In all the above equations, the 
effect of oxygen was attributed to encounters between Chi*, tChl, rChl 
or rS molecules and free oxygen, and the effectiveness of small oxygen 
concentrations could therefore be taken as a sign of the existence of a 
long-lived activated state of chlorophyll. However, this efficiency could 
also be explained by a reversible association of chlorophyll with oxygen, 
in a complex which is saturated at very low partial pressures of the latter. 
We remember (cf. page 465) that ^^allomerization^^ (which prevents the 
discoloration of chlorophyll in the phase test) was attributed by Conant 
and Fischer to the uptake of one molecule of oxygen. 

However, several arguments speak against a similar explanation of 
the effect of oxygen on reversible bleaching. In the first place, reversible 
bleaching can be observed even with completely allomerized chlorophyll 
— which, according to the concept of Conant, Stoll, and Fischer, is 
already '^saturated'^ with oxygen. In the second place, if chlorophyll 
molecules were associated with oxygen even at 1102] = 10“® mole per 
liter, it would be difficult to explain why oxygen pressures of the order 
of one atmosphere are required to bring about the quenching of chloro- 
phyll fluorescence. 

Nevertheless, the similarity between the reversible bleaching of 
chlorophyll in oxygen-free methanol, the reversible discoloration of 
chlorophyll solutions by ferric salts (in the dark and in light), and the 
first, reversible stage of the phase test, should not be dismissed as acci- 
dental. The analogy between the phase test and the thermal reaction 
with ferric chloride has already been discussed in chapter 16 (page 465) ; 
a complete theory should include the photochemical effects as well. It 
could perhaps be attempted along the following lines: 
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(а) the primary reaction in all cases (phase test, reaction with 

and reversible bleaching) is tautomerization (e. g,, enolization, as assumed 
in the Fischer-Stoll theory) ; 

(б) the colorless (yellow or brown) phase is, however, not the enol 
itself, but either a product of its dismutation (by reaction between the 
tautomer and ordinary chlorophyll, as assumed by Livingston and 
Franck) or the product of a reversible reaction of the tautomer with the 
solvent; the transformation of the enolized phorbin into a chlorin (which 
occurs under the influence of alcoholic alkali) removes at the same time 
the decolorized product w^hich is in equilibrium with, the enol, and thus 
causes the termination of the brown phase; 

(c) tautomerization (enolization) is possible also in the allomerized 
state, but its velocity in this cUvse is so small (as compared with the 
velocity of transformation of the enol into chlorin) that no ^d)rowii 
phase can be observed; in the reaction with ferric chloride (as well as 
in the photochemical tautomerization), the decolorized stage is ob- 
servable, even with allomerized material, because the conversion of the 
enol into chlorin either does not occur at all, or is much slower than in 
the alkaline medium of the phase test. 

This is merely a suggestion; it may w^ell turn out that the similarity 
between the phase test and the reversible decolorization of chlorophyll 
in light is fortuitous; but this question is certainly worth closer study. 

It was stated on page 488 that the enhancing effect of formic acid 
on the reversible bleaching of chlorophyll is different from the influence 
of other acids, and must therefore be attributed to a specific reaction 
(e. g., a reversible oxidation of chlorophyll by formic acid). However, a 
much weaker reversible bleaching can be observed with other acids as 
well This phenomenon can be attributed to the existence of a reversible 
and photosensitive first stage in the conversion of chlorophyll into 
pheophytin. 

That '^pheophytinization^^ can be accelerated by light was first noticed by Jorgensen 
and Kidd (1916) when they observed the fading of chlorophyll solutions in an atmos- 
phere of carbon dioxide. Closer examination (Rabinowitch, unpublished data) showed 
that the rate of chlorophyll conversion into pheophytin is affected by light only if the 
concentration of hydrogen ions is low. At pH 3, the rate of weakening of the red 
absorption band (which can be used as a measure of this transformatioHj cf, page 407) 
is markedly accelerated by illumination. At pH > 3, the transformation becomes 
partly reversible, that is, the red band is restored to a certain extent in the dark. Tins 
indicates that the reaction occurs in two stages (cf, page 467), and that the first, reversible 
step is accelerated: by light. 

dark ' tt ■■ .W 

■ ."tod ■ Y ' ■ ■ . \ ^ 

iight t ■ dark . 1 ■ ^ 

(18.18) PhMg + .2.H+ Ph— Mg+ + H+ — — > Ph— H +' ■ 

' dark 

Chlorophyll, Pheophytin . 
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At the high hydrogen-ion concentrations, the photochemical contribution to reaction 
(18.18) is negligible; but at pH ^ 3, this contribution — which is independent of pH— 
becomes commensurate with that of the thermal reaction (which is proportional to 
[H+]). At very low hydrogen-ion concentrations, the first step of (18.18) is practically 
purely photochemical. The velocity with which the intermediate product, HPhMg+ 
is transformed back into chlorophyll is independent of whereas the velocity with 

which tills intermediate is converted (irreversibly) into pheophytin, is proportional to 
[H''']. Thus, at very low hydrogen-ion concentrations, the two [H+]-iudependent 
reactions — photochemical bleaching and monomolecular restoration of chlorophyll- 
must predominate over the two [H'‘']-proportional, bimolecular thermal reactions, and a 
reversible photochemical bleaching supplants the irreversible thermal pheopliytinization. 

Experiments described in this section provide a first glimpse into the 
mechanism of the primary photochemical process in chlorophyll solutions. 
They show that “ hidden reversible changes — taiitomerizations, oxida- 
tion-reductions, perhaps also dismutations — occur in illuminated (even 
if outwardly photostable) chlorophyll solutions. The last-discussed 
reaction, the elimination of magnesium by acids, shows how, under 
appropriate conditions (in the presence of acceptors’^ which react with 
the products of the primary reversible process), the reversible primary 
reaction is replaced by an irreversible secondary transformation. Many 
photochemical reactions of chlorophyll (and of other organic dyestuffs as 
well), whether they affect the dyestuff itself or are merely sensitized by 
it, are likely to originate in a similar way, that is, through irreversible 
secondary transformations of the products of reversible primary processes. 

B. The Irreyeesible Photochemical Transformations 

OF Chlorophyll ^ 

1. Bleaching of Chlorophyll 

In all probability, the rate of any of the well-known chemical reactions 
of chlorophyll could be accelerated by light under appropriate conditions 
(we encountered an example above in the conversion of chlorophyll into 
pheophytin). However, the only effect of light on chlorophyll which 
has been repeatedly investigated was bleaching ^ a change which is prob- 
ably caused by a complex series of transformations (often involving the 
solvent, or impurities), rather than by a single, well-defined, chemical 
reaction. 

Everyday observation teaches us that chlorophyll in the plants is 
stable to air and light; but we also learn from experience that, when 
illumination becomes too strong, or w^hen photosynthesis is inhibited 
(by drought, poisons, or carbon dioxide starvation), the plants become 
yellow or colorless, that is, their pigments undergo a photochemical 
decomposition. A similar effect can be produced much more rapidly 

Bibliography, page, 523. . 
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in the presence of excess oxygen (cf. Chapter 19, pages 531 et seq,)] this 
makes it probable that the bleaching is caused by a phoioxidation of the 
pigment. 

Dead tissues and colloidal pigment extracts are more sensitive to 
light than living plants ; and solutions of chlorophyll in organic solvents are 
much less photostable than the aqueous colloids — ^some of them are com- 
pletely decolorized in a few hours by direct sunlight or strong artificial light. 

It was known to Senebier as early as 1788 that leaf extracts in ether and alcohol 
are not lightproof. The bleaching was later investigated by Jodin (1864) , Sachs (1864) , 
Timiriazev (1869), Gerland (1871), Wiesner (1874), and Reinke (1885), among others; 
Jorgensen and Kidd (1916), Wurmser (1921), and Gaffron (1933) extended the study 
to preparations of pure chlorophyll. 

Bohi (1929) and Weber (1936) studied the influence of organic 
''accelerators” and "inhibitors.” Reinke (1885), Dangeard (1910), and 
Wager (1914) found that 8olid chlorophyll (in the form of a thin layer 
on paper, or imbedded in collodion) bleaches even more rapidly than 
chlorophyll in solution. Knorr and Albers (1935) and Albers and Knorr 
(1935) recorded the gradual fading of chlorophyll fluorescence in different 
solvents, an effect which probably represents another aspect of the photo- 
chemical decomposition of the pigment. 

Vermeulen, Wassink, and Reman (1937) found that hacteriochhrophyll 
solutions are even more sensitive to light and air than are solutions of 
ordinary chlorophyll. (This pigment, too, is much more stable in 
colloidal aqueous extracts, and particularly in living purple bacteria; cf, 
Katz and Wassink 1939.) 

The nature of the products of the bleaching of chlorophyll is unknown; no competent 
worker in the field of chlorophyll chemistry has attempted to isolate and analyze them. 
Scattered hints as to their properties can be found in the papers by Wager (1914:) and 
Ewart (1915), in the book of Wiilstiitter and Stoll (1918), and in Rothemundhs remarks 
‘ to the paper of Albers and Knorr (1935). Some conclusions were disputed, for example, 
Wager’s observation of the intermediate formation of a peroxide able to oxidize bydro- 
iodic acid. The hypothesis of Ew^art (1915) that, in the presence of carbon dioxide and 
air, illuminated chlorophyll is transformed into xanthophyll (wliich Ewart supposed to 
be formed by the oxidation of phytol), and into a waxy colorless substance also appears 
improbable. 

’ A much discussed question was that of the occurrence oi formaMehjdc among the 

^ products of photodecomposition of chlorophyll. It wras often thought that the photo- 

chemical formation of formaldehyde from chlorophyll might prowde a clue to photo- 
synthesis. Reduction of a carboxyl group in chlorophyll to a carbinol group, splitting 
■; of! of formaldehyde and recarboxylation presented itself as a possible mechanism .of 
' photosynthesis (RCOOH'= chlorophyll): 

light 

418.19) RCOOH RCHsOH — — > RH + {CHsO} + COa: 

We described in, chapter 4, while dealing with '‘artificial photosynthesis,” the experiments 
, , of Usher and Priestley (1911) on the alleged, formation of formaldehyde by a photo- 
i chemical reduction of chlorophyll in the presence of carbon dioxide, and the criticisms 

i 
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made by Warner ( 1914 ), Wager (1914), Ewart ( 1915 ), and Willstatter and Stoll ( 1918 ). 
We also mentioned that Warner, Wager, and Ewart suggested that formaldehyde may 
be formed by the photoxidatim of chlorophyll A similar conclusion could be drawn 
from the experiments of Osterhout (1918), who reported that, when filter paper colored 
by a chlorophyll extract in carbon tetrachloride was exposed to sunlight in an airtight 
bell jar until it was bleached, the presence of an aldehyde could be discovered in an 
open dish of water placed beside the paper. 

However, Willstatter and Stoll (1918) denied the formation of formaldehyde by 
pliotoxidation of pure chlorophyll preparations. Possibly, aldehydes can be formed by 
a sensitized oxidation of methanol or ethanol by illuminated chlorophyll (c/. page 466). 

The experiments of Baur and coworkers (e. g,, Baur and Pricker 1937 , Baur, Gloor, 
and Ktinzler 1938 , and Baur and Niggli 1943 ), in which formaldehyde was allegedly 
produced by reduction of chlorophyll in the presence of certain “accessory'^ oxidation- 
reduction systems, also were discussed and criticized in chapter 4 (pages 90 et seq,), 

Lommel pointed out, in 1871, that the fundamental principle of 
photochemistry — ‘‘light has no chemical effects unless it is absorbed^ — 
requires that chlorophyll should be bleached most rapidly by blue and 
red light; but other investigators, working with inadequate equipment, 
arrived at different conclusions. Thus, Sachs asserted, in 1864, that the 
intensity of bleaching is parallel to the luminosity of ligh.% that is, that 
yellow and green rays (although comparatively weakly absorbed by 
chlorophyll) have the strongest effect. This hypothesis was supported 
by Wiesner (1874), but was discredited by the work of Reinke (1885), 
Dangeard (1910), and Wurmser (1921), who found that the “photo- 
chemical sensitivity spectrum of chlorophyll is (as expected) roughly 
parallel to its absorption spectrum. However, the quantum efficiency 
of the bleaching of chlorophyll must not necessarily be the same for all 
wave lengths, and some observations point to a greater efficiency of blue 
and violet light, as compared with red light. 

Wurmser (1921) found, for the ratio of the initial decolorization 
velocities of chlorophyll in acetone (for equal absorbed energies), the 
I values 0.41, 0.056, and 1.34 in red, green, and violet light, respectively. 
I The low value for green light— which is only weakly absorbed by chloro- 
I phyll — ^is probably unreliable; but the increased sensitivity in the violet 
may be significant. ^ In explaining it, two facts may be recalled. In the 
first place, it was mentioned on page 484 that some excited molecules in 
the state B, reached by- absorption of violet light, may undergo a direct 
i photochemical dissociation. In the second place, we noted on page 465 
I that the “ oxychlorophyir^ obtained by the reaction of chlorophyll with 
ferric ions is very sensitive to violet light. Thus, a stronger bleaching 
' effect of blue-violet light may be caused both by a specific effect of this 
1 light on chlorophyll itself and by its destructive influence on a yellow 
Iproduct of the reversible primary process. 

The quantum yield, 7 , of the bleaching of chlorophyll is very small: 
since the “half-time^' of bleaching in intense light (in which a molecule 
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absorbs about once in a second) is several hours, y must be less than 
10*"^. Porret and Rabinowitch (1937) estimated that for ethyl cHoro- 
phyliide a in methanol, the quantum yield of irreversible bleaching is of 
the order of lO""® only; while Livingston ( 1941 ) found 7 n-i 5 X 10"*® in 
methanol, and a three times larger value in acetone* Aronoff and 
Mackinney (1943) gave quantum yields of about 5 X 10"^ for chlorophyll 
solutions in acetone and benzene. 

All these estimates are based on the assumption that the reaction products do not 
absorb any red light at all. It is not certain, however, that the color disappears in 
the very first step of the photochemical transformation; to the contrary, the first reaction 
products may still be green and the photometric determination of the quantimi yield 
Eiay thus refer to a secondary decomposition step. According to Knorr and Albers 
(1935) and Albers and Knorr (1935), photochemical transformations often reveal them- 
selves, in chlorophyll solutions, by changes in the fluorescence spectrum, without equally 
conspicuous changes in color. Obviously, bleaching should be studied by repeated 
determinations of the whole extinction curve, rather than by colorimetry or photometry 
in monochromatic light. Figure 54 shows the successive changes in the extinction 



Fig. 54.— Changes in the absorption spec- 
trum of illuminated chlorophyll solution in ace- 
tone (after Wurmser, 1921). 


curve of an illuminated chlorophyll solution in acetone. The red band disappears 
completely after several days. The violet band is much more persistent, showing 
that the porphin structure is maintained in the first stages of the photodecomposition. 
Aronofi and Mackinney (1943) observed the formation of pink intermediates with 
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orange fluorescence in the photoxidation of chlorophyll dissolved in benzene or acetone 
(Fig. 55). Ferguson and Webb (1941) noticed a gradual increase in absorption in 
the green and infrared in illuminated leaf extracts. 



Fig. 55, — Absorption spectrum of the decomposition products of chlorophyll a 
(unbroken curve) and chloi’ophyll b (broken curve) in acetone (after Aronofl and Mac- 
Kinney 1943). 

2. Photoxidation as the Cause of Bleaching 

As mentioned above, the chemical nature of the bleaching process is 
unknown and is probably complex. Most authors assumed that bleach- 
ing is caused by photoxidation; but the possibility of photoreduction shall 
not be overlooked, particularly in easily oxidizable solvents, or in the 
presence of oxidizable impurities. Elimination of magnesium may be an 
intermediary step, causing a temporary replacement of the pure green 
color of chlorophyll by the olive color of pheophytin. According to 
Jorgensen and Kidd (1916) and Aronoff and Mackinney (1943) bleaching 
takes this path in all acid solutions; while no intermediate pheophytin 
formation can be observed in neutral or alkaline media. 

Arguments in favor of autoxidation as the cause of bleaching of 
chlorophyll are twofold. In the first place, Jorgensen and Kidd (1916) 
and Wurmser (1921) found that chlorophyll solutions do not bleach in 
the absence of ox 3 ?'gen, e. g., in a nitrogen atmosphere, and Warner 
(1914) and Wager (1914) made the same observation with solid chloro- 
phyll in collodion films. In the second place, an absorption of oxygen has 
been observed to occur during the bleaching. 

However, the quantitative results of the latter experiments indicate 
that most of the absorbed oxygen was utilized for the sensitized autoxi- 
dation of the solvent, or impurities, and for the oxidation of chloro- 
phyll itself. Jodin (1864) found, for example, in the first study of this 
problem, that 0.7 gram of oxygen was taken up in a month by 1 gram 
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of chlorophyll in ethanol— corresponding to as much as 20 molecules of 
oxygen per molecule of chlorophyll Gaffron (1933) found that fresh 
ethyl chlorophyllide solutions in acetone absorbed oxygen with a quantum, 
yield of the order of 0. 1-0.3; the yield decreased with time^ but was 
still as high as 0.006 even after one month of storage. If this were the 
quantum yield of bleaching ^ all chlorophyll would be bleached, in moder- 
ately intense, light, in less than a minute. Since no such rapid bleaching 
has ever been observed, practically all oxygen must have been transferred 
to the solvent or to oxidizable impurities. Thus, the uptake of oxygen 
during the bleaching period is not a conclusive proof of the oxidation of 
chlorophyll. Experiments on allomerissation (pp. 460 et seq.) showed that 
chlorophyll can take up one molecule of oxygen without appreciable 
change in color. (We do not know how this reaction is affected by light.) 
In allomerization too, the nature of the medium is of paramount im- 
portance (oxygen being taken up in methanol or ethanol, but not in ether 
or pyridine). Thus, one cannot be certain whether chlorophyll is the 
final oxygen acceptor in this case either. In reaction scheme (16.8-16.10) 
on page 461, chlorophyll and methanol were assumed to share the 
absorbed oxygen between them. 

Gerland (1871) observed that chlorophyll solutions, which have taken up oxygen 
in the dark, bleach afterwards in light, even in the absence of o.xygen. Whether this 
observation indicates that oxygen, taken up in the allomerization process, can later be 
transferred to other parts of the molecule where it causes bleaching, is difficult to say; 
Gerland’s observations were carried out with crude extracts and have not been repeated 
with pure chlorophyll preparations. They are supported indirectly by observations on 
other dyestuffs. In contact with air, these dyes first form peroxides or *^moloxides/' 
which are transformed into stable oxidation products by further exposure to light (see, 
for example, Gebhard 1909, 1910) : 

light light? 

( 18 . 20 ) D + O2 V' — DO2 >• oD (D = dye) 

dark 

Gaffron (1933) opposed mechanism (18.20) for the photoxidation of chlorophyH, because, 
according to his observations, chlorophyll does not absorb oxygen and does not form 
peroxides—neither in light nor in the dark. His experiments were carried out in 
acetone, and therefore do not conflict with the observations on the oxygen uptake in 
allomerization, which occurs only in alcohols. 

Because of the low partial pressure of oxygen, w^hich suffices to bring 
about the maximum rate of bleaching of chlorophyll, the possibility that 
bleaching may be due to a direct reaction between excited fluorescent 
chlorophyll molecules and molecular oxygen can be discounted. A 
reaction between long-liyed tautomeric chlorophyll (tChl) and molecular 
■' oxygen, on the other hand, can provide a plausible ' meclianism ■ of 
bleaching: 

„ (18.21a) Chi’"- — ^ — J^tChl 

(18.21b) :tChI + 02— — ^ 
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Reaction (18.21), if it occurs with a large quantum yield, must be almost 
completely reversible (to account for the low yield of bleaching) ; a small 
'^leak^' may be caused by the elimination of a certain proportion of 
HOo radicals (e, g,, by their dismutation to water and oxygen). A. 
residue of oxidized chlorophyll molecules will thus be accumulated after 
prolonged illumination. 

However, it seems probable that the photoxidation of chlorophyll in 
solution occurs not (or not only) in the way suggested by formula (18.21), 
but is associated with reversible oxidation-reduction reactions with the 
solvent, or impurities, such as were discussed in the preceding section. 
Gaff r on suggested that the photoxidation of chlorophyll may be an 
indirect consequence of the sensitized oxidation of autoxidizable im- 
purities (“ acceptors according to the following reaction scheme 
(A = acceptor; asterisks denote excited states): 


(18.22a) 

Chi* + A — 

> CM -f A* 

(18.22b) 

A*-h02 — 

— >A02 

(18.22c) 

AO 2 + CM - 

> oChl + A 

(18.22) 

Chl* + O 2 — 

>oChl 


Reaction (18.22c) competes with the stabilization of the oxidized acceptor: 

(18.22d) AO 2 ^oA 

The discussion in section A (pages 484-486) suggests a twofold 
modification of Gaffron^s scheme. In the first place, the part of the 
‘^acceptor, A, may be played by the solvent. In the second place, 
the reaction between chlorophyll and the acceptor (or solvent) is unlikely 
to be the simple energy transfer represented by (18.22a). The most 
probable primary process is an oxidation-reduction reaction of chlorophyll 
with the solvent (or with an impurity, or another chlorophyll molecule). 
All reaction schemes discussed in section A, e. g., (18,11) or (18.15), 
which assume the reversible formation of oxidized chlorophyll, oChl, may 
serve to explain a small /^residuaF^ photoxidation, if one assumes that 
complete reversibility is disturbed by side reactions, which deprive some 
oxidized chlorophyll molecules of partners for the back reaction. For 
example, if the primary reaction of excited chlorophyll molecules is 
their oxidation by the solvent — as assumed in (18.15)-— a partial re- 
oxidation of the reduced solvent by oxygen would leave some chlorophyll 
in the oxidized state: 

(18.23a) CM* + 8 — — ^ oChl + rS 

(lS.23b) rS+iOg- — — >S-f IH 2 O 

(18.23) CM* Ip I O 2 — — > oChi + i H 2 O ; 

On page 491, we assumed that oxygen acts as a catalyst in the back reaction in 
(18.23a), L e., that in (18-23b) oxygen is reduced, not to water, but only to HO 2 , and 
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that the latter radical reduces oCH to Chi; however, if the HO 2 radicals dismute into 
O 2 and H 2 O, instead of reacting with oChl, the catalytic system ‘‘springs a leak/’ and 
the net result is that represented in (18.23). 

Experiments of Knorr and Albers (1935) and Albers and Knorr (1935) on the 
fading of chlorophyll fluorescence show that photodecomposition may also occur in an 
atmosphere of pure nitrogen or carbon dioxide, sometimes even more rapidly than in 
oxygen. As described on page 492, this phenomenon may be attributed to a primary 
reversible oxidation-reduction reaction of activated chlorophyll with the solvent, whicli 
is converted into irreversible decomposition by the absorption of violet or ultraviolet 
light by oxidized chlorophyll (oChl). Whether this second irreversible step also is an 
oxidation we do not know. It will be noted that Wurmser (1921), also working with 
chlorophyll in acetone, found no bleaching in the absence of oxygen. Perhaps this 
discrepancy may be attributed to the high intensity of short-wave radiations in the 
experiments of Knorr and Albers (four 150-watt Pyrex mercury lamps in the axis of a 
cylindrical vessel containing the chlorophyll solution). 

3, Effect of Solvents and Protective Substances on Bleaching 

According to the preceding two sections, one of the ways in which 
the solvent can affect the photoxidation of chlorophyll, is by direct 
participation in the bleaching process, either in the reaction by which 
the bleaching is produced or in the reaction by which the original color 
is restored. In the presence of oxygen, this reaction cycle may leave, 
as a net result, a sensitized oxidation of the solvent. Thus, the solvent 
may ‘^protect the pigment from oxidation in light by a diversion of the 
oxidative action: a sensitized photoxidation of the solvent can be substi- 
tuted for the direct photoxidation of the pigment. A similar diversion 
may be caused by dissolved '^antioxygens,'^ which are themselves 
oxidized in light, but prevent the photoxidation of the sensitizer. How- 
ever, not all antioxygens act in this way; others exercise a truly cata- 
lytic influence, by accelerating the return of the oxidized pigment into 
its normal state, as assumed on pages 490 et seq, in the interpretation of in- 
hibitory effects of the systems 02 -H 02 and Fe+++~Fe++ on the reversible 
bleaching of chlorophyll. It is not always clear whether the profeectivc 
action of a given antioxygen is of a 'diversionary’^ or "catalytic” 
character, although effects of the second type should be distinguishable 
by a greater permanency. 

Examples of substances which protect chlorophyll from photoxidation 
by diverting the reaction to themselves are benzidine and the carotenoids 
(Noack 1925, 1926; Aronoff and Mackinney 1943); also, hydroquinone, 
p-benzobydroquinone, phenol, resorcinol, pyrogallol, diphenylamine, and 
aniline (Weber 1936). Their action may be based either on a primary 
interaction of excited chlorophyll with the protecting "acceptor,” A: 

(18.24) CM* + A-— — ^ 

(18.25) rChl 4 . O 2 — — -» Chl (compare 18.16) 
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or on a primary interaction of chlorophyll with oxygen: 

(18.27a) Chl*4*02 >oClil (compare 18.21) 

(18.27b) oCiil + A ->oA + Chl 

(18.27) A + O 2 > oA 

In mechanism (18.24-18.26), the acceptor prevents chlorophyll from react- 
ing with oxygen. In mechanism (18.27), the oxidation of chlorophyll 
actually takes place, but is reversed by a reaction with the acceptor. 

Whatever mechanism we assume for the inhibition of chlorophyll bleaching by 
autoxidizable compounds, this inhibition obviously contradicts scheme (18.22), according 
to 'which the oxidative bleaching of chlorophyll, instead of being inhibited by autoxidiz- 
able substrates, was supposed to occur only in their presence. 

Not all known cases in which chlorophyll is stabilized in respect to 
molecular oxygen can be explained by diversionary or catalytic effects. 
The same result can apparently be achieved also by association of the 
pigment with certain substances which make it photostable without 
themselves suffering a permanent or temporary sensitized oxidation. 
This truly protective action can be explained, for example, by an acceler- 
ated dissipation of the excitation energy in the pigment-protector 
complex. If this dissipation competes with fluorescence, the ^ ^ protected 
pigment will be nonfluorescent; but since we have assumed that photo- 
chemical transformations often are preceded by tautomerization, dissi- 
pation may compete only with the latter process and leave fluorescence 
unaffected. 

The action of protective colloids, investigated by Wurmser ( 1921 ), 
probably is of this type. The bleaching velocity could be reduced by 
50% by as little as 0.05% of gelatin or casein; 0.86% albumen or 1.45% 
gum arabic were required to produce the same effect, whereas starch 
had no appreciable influence even in a concentration of 2%. Wurmser 
noticed a parallelism between the stabilizing action of a colloid on gold 
colloids and its efficiency in protecting chlorophyll from oxidation in light. 

The protective action of proteins may fall into the same category. 
It was observed by Noack (1927) in artificial protein-chlorophyll com- 
plexes, and by Lubimenko (1927) and Smith (1941) in colloidal protein- 
chlorophyll leaf extracts. Katz and Wassink (1939) noted the consider- 
able stability to light and oxygen of colloidal extracts from purple 
bacteria, as contrasted with the extreme sensitivity of molecularly 
dispersed bacteriochlorophyll. 

The fact that artificial chlorophyll-protein complexes are nonfluores- 
cent indicates that association of chlorophyll with these compounds fur- 
ther shortens the lifetime of the short-lived fluorescent state; the high 
partial pressure of oxygen required for photoxidations sensitized by 


I 
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(18,28) 


. CiiF + 'D - 


oChi + rD 


(D = dye) can be observed without 


chlorophyll-protein complexes (cf. Fig. 58, page 530) shows that in 
complexes no long-lived active states occur at all. 

Lipop/w’hc substances also have a protective effect on chlorophyll. 
Wiesner noted, as early as 1874, that the same degree of bleaching of 
chlorophyll could be achieved in 3 minutes in 75% alcohol, in 7 minutes 
in benzene, and in 12 minutes in ether; while a solution in olive oil 
required 3.5 hours for the same result. Chautard (1874) observed that 
chlorophyll-colored oils keep their color unchanged for months while 
exposed to light and air. According to Stern (1920, 1921), lipide- 
protected aqueous chlorophyll colloids also are photostable. Since 
lipophilic substances protect rather than quench the fluorescence of 
chlorophyll (cf. Vol. II, Chapter 23), they apparently do not interfere 
with the short-lived fluorescent state of the pigment. However, they 
seem to affect the long-lived activated state. If the transition into this 
state is initiated by tautomerization, lipoid solvents may make it les.s 
probable (if the tautomer is an enol, as suggested on page 444, it is likely 
to be less stable in a lipophilic medium than in a polar solvent). If 
the long-lived state is brought about by a reaction of excited chlorophyll 
with the solvent, this reaction, too, may be less probable in a nonpolar, 
lipophilic solvent than in a solvent of the type of alcohol or acetone. 

The stability of chlorophyll in vivo may be attributed to its association 
with protein (as suggested by Reinke as early as 1885), or lipides, or both 
(cf. page 393). The high partial pressure of oxygen required to bring 
about photoxidations in the living cell (cf. Fig. 58) proves that in this 
case, too, no long-lived active products are formed in light. (For a 
more detailed discussion of the mechanism of sensitization by chlorophyll 
in vivo, see Chapter 19, pages 544 et seq.) 

Kautsky and Hormiith (1937) described experiments on the oxygen consumption 
by grana sediments (obtained by the centrifugation of leaf press juices). Suspensions, 
prepared from two grams of leaves, absorbed, in two hours of illumination, up to 0.16 
ml. oxygen, without showing signs of saturation (which is not astonishing, since not 
more than 0.02 mole of oxygen was absorbed up to this point by one mole of chiorophyll). 
The velocity of autoxidation increased with increasing pH. The oxygen consiiniption 
was strongly reduced by narcotics (e. p., phenylurethan). 

4. 'Photochemical Oxidatioa-Reduction Reactions of Chlorophyll in viiro 

Photochemical reactions of chlorophyll with azo d3res, in which it 
plays the part of a reductant, were described by B5M (1929). The azo 
dyes are reducible (first to hydrazo compounds, then to amines), and in 
contrast to typical /Meuco dyes/^ the reduction products are not 
oxidizable by oxygen, so that the reaction: ■ 
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decolorization of both the dye and the chlorophyll. The interpretation 
of the bleaching as a reduction (rather than oxidation) of the dye seems 
arbitrary; but B5hi quoted as proof an experiment with Janus green, a 
blue-green dye whose first reduction product is red, and the second one 
colorless. In this case, the second reduction stage is reversible, and the 
red intermediate product (the dye safranine) is re-formed in the presence 
of air. Upon illumination of a solution of chlorophyll and Janus green 
(in methanol), the solution first turns red. If oxidized chlorophyll is 
restored, e. gr., by reduction with phenylhydrazine, reduction of the dye 
can be carried a stage further. Addition of water and ether to methanol 
allows the separation of the reduced azo dye from chlorophyll and the 
demonstration that the dye has become entirely colorless. The sequence 
of color changes: 


blue-green - 


-^red- 


colorless - 


+ O2 


► red 


in ether 


green 


is looked upon by Bohi as a proof that Janus green is bleached by re- 
duction and chlorophyll by oxidation, rather than vice versa. 

In the experiments with binary chlorophyll-dyestuff mixtures, Bohi 
used about ten times more dye than chlorophyll. This indicates that 
one chlorophyll molecxile caused the reduction of several molecules of 
the dye, ^. c., that chlorophyll catalyzed the reduction of the dye by some 
other reductant. The only available reductant (assuming that the 
solution was free of impurities), was the solvent (methanol); and so we 
must think of Bohi^s reaction as partly a direct reduction of the dye by 
chlorophyll, and partly a sensitized reduction of the dye by methanol (the 
latter being probably oxidized to aldehyde). This conclusion reminds 
one of observations of Rabinowitch and Weiss (1937) on the chlorophyll- 
ferric iron system.i They found that, when the yellow solution, obtained 
by oxidation of chlorophyll with ferric ions in methanol was allowed to 
stand until the green color re-appeared, most of the added was 

converted into Fe"^*^. It may be suggested that the yellow ^^oxy chloro- 
phyll,'' oxidizes methanol; consequently, a part of the ^^oxychlorophyll” 
formed by reaction with Fe'^'*^ ions reverts to the reduced state by 
reaction with the solvent, and the net result is a chlorophyll-catalyzed 
oxidation of methanol by ferric ions. 

If this interpretation of the results of B5hi and Rabinowitch and 
Weiss is correct, chlorophyll can serve as an oxidation-reduction catalyst, 
even in nonphotochemical reactions. According to Bohi, the chlorophyll- 
Janus green reaction is accelerated by the provision of a specific reductant 
for oxidized chlorophyll, e. g., turpentine oil, pinene, piperidine or 
phenylhydrazine. These substances play the part which w'as assigned 
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above to methanol, only more efficiently; they accelerate the bleaching 
of the azo dye, while preventing that of chlorophyll. 

Bohi carried out similar experiments with 25 different dyes, including 
azofuchsin, ponceau 2R, Congo red, diamine green, etc. The bleaching 
required from one-half hour to 15 hours (in direct sunlight) in binary 
chlorophyll-dyestuff systems, but only five to ten minutes in ternary 
systems containing phenylhydrazine. 

BoM noticed that yellow dyestuffs, even the easily reducible ones, e. g., inetanil 
yellow and azoflavin, were not reduced by chlorophyll in light. In an earlier work, 
Baur and Neuweiler (1927) formulated a rule for sensitization (reminiscent of Stokes^ 
rule), according to which the absorption band of the sensitizer must lie on the violet 
side of that of the substrate. Bohi used this rule to explain the lack of reaction of 
chlorophyll /With yellow dyes. If we assume that the primary interaction between 
excited chlorophyll and the dyestuff is an oxidation-reduction, as in (18.28), the im- 
portance of the relative position of the absorption bands appears unexplained. The 
rule of Baur and Neuweiler, if confirmed, could be used as an argument in favor of an 
alternative mechanism (similar to Gaffron^s mechanism 18.22 of chlorophyll bleaching) 
in which the first step is the transfer of excitation energy: 

(18.29) Chi* + A — > Chi + A* 

(18.30) A* 4- Chi > rA -f oChi or A* -f S > rA -f oS 

The energy transfer (18.29) is not improbable between two dyestuffs which absorb in 
the same spectral region, (tliis case being different from that of energy transfer from a 
dye to a colorless acceptor, which was considered in 18.22). 

In the experiments of Rabinowitch and Weiss, and Bohi, chlorophyll 
reveals its capacity for reversible photochemical oxidation (analogous to 
its capacity for reversible thermochemical oxidation, discussed in chapter 
16, page 465). The irreversible photoxidation of chlorophyll probably is 
merely a secondary and rather infrequent consequence of this primary 
reversible oxidation. 

$• Photoreduction of Chlorophyll 

It was stated in chapter 16 that efforts to reduce chlorophyll reversibly 
to a leuco compound, have not been successful. However, the diflficulty 
was not a general reluctance of chlorophyll to be reduced, but the occur- 
rence of irreversible side reactions (cf, page 457). 

Similarly to all the other simple reactions of chlorophyll, its reduction 
probably can be accelerated by light. However, chlorophyll has less 
tendency for photochemical reduction than the typical reversibly re- 
ducible dyes — e. g., indigo, thiazines, and oxazines. Thus, Windaus 
and Borgeaud (1928) were unable to oxidize ergosterol by chlorophyll in 
light (in the absence of oxygen), a reaction which could easily be accom- 
plished by means of eosine; similarly Meyer (1935) found that diethyl- 
amine can be dehydrogenated photochemically by eosine, but not by 
chlorophyll. 
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On the other hand, Timiriazev (1869) asserted that chlorophyll 
solutions in ethanol are bleached by light, even in absence of oxygen 
and that they smell of aldehyde after exposure, thus showing that the 
bleaching must have been caused by a reduction of chlorophyll and 
oxidation of alcohol to aldehyde. The observations of Osterhout (1918) 
on the formation of aldehydes in illuminated chlorophyll solutions (cf. 
page 496) also may be explained by a photoxidation of alcohols (present 
as solvents or impurities), rather than by a photochemical decomposition 
of chlorophyll itself. The observations of Knorr and Albers (1935) and 
Albers and Knorr (1935) on the photodecomposition of chlorophyll 
solutions in acetone in the absence of oxygen, which were attributed on 
page 501 to a 'photoxidation of the pigment at the cost of the solvent, 
may equally well be explained by a photoreduction of the pigment, and 
oxidation of acetone. 

As mentioned above, reductive bleaching is a characteristic property 
of many dyestuffs. Some of them are reduced reversibly {e. g., the 
thiazines, the oxazines, and the triphenylmethane derivatives), others 
irreversibly {e. g., many azo dyes). The reductive bleaching of ^^vat 
dyes’' was investigated, for instance, by Kogel and Steigmann (1925), 
Kogel (1926), Mudrov5i6 (1929), and Weber (1931), who used diethyl 
thiourea, piperonal, and other organic compounds as reductants, as well 
as ferrous salts. Later (1936), Weber reported that the bleaching of 
chlorophyll exhibits a similarity to that of the reducible dyes in that it, 
too, is accelerated by the presence of small quantities of diethyl thiourea, 
diallyl thiourea, and other substances which are efficient reductants of 
vat dyes. However, Weber found that larger quantities of the same 
reductants act as inhibitors, probably by retarding the oxidative bleaching 
of chlorophyll (as discussed on pp. 501-502). We may thus assume that 
chlorophyll can be bleached either by oxidation or by reduction; small 
quantities of diethyl thiourea and similar reductants cause an increase in 
bleaching by accelerating the reductive bleaching; while larger quantities 
of the same reductants have the opposite effect, by preventing the 
oxidative bleaching. This is merely a tentative explanation, and new 
experiments on the interaction of illuminated, oxygen-free chlorophyll 
solutions with organic reducing agents are desirable. 

It must be mentioned that, according to Weber (1931), certain 
reducing agents (hydroquinone, pyrogallol, phenol, cyanide, iodide) 
inhibit the reductive bleaching of many dyestuffs as well. The mechanism 
of this paradoxical effect is as yet not clear. 

The photoreduction of many dyestuffs is accelerated by neutral salts (sodium 
chloride, potassium chloride, etc.; see Weber 1931), whereas the photoxidation often 
appears retarded by them (c/. Noaclc 1925, 1926). This result can be compared with 
the observation of Rabinowitch and Weiss (1937) that the reversible reaction of chloro- 
phyll with ferric chloride (both in the dark and in light) is inhibited by neutral salts. 
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EXAMPLES OF SENSITIZATION BT CHLOROPHYLL 

C. Chloeophtll as a Sensitizer in vitro * 

1 , Examples of Sensitization by Chlorophyll 
In the preceding discussion, we mentioned several mechanisms of 
/.Woronhvll bleaching in which this process appeared merely as a side 
reaction associated with the sensitized oxidation of the solvent, added 
“flccentors ” or impurities. We shall now discuss these sensitized 
reactions in more detaU. The distinction between a “photochemical 
reaction of a dyestuff” and a “reaction sensitized by a dyestuff often 
is merely one of emphasis. Authors who are interested in the transfor- 
mations of the pigment often do not care much about concomittant 
changes suffered by other components of the reacting bystem; while 
investigators whose interests are centered on the effects of light on the 
“substrates” of sensitization often ask no questions as to the fate ot the 
sensitizing pigment. It was suggested on page 56 that the term photo- 
catalvsis” be used for reactions in which the sensitizing pigment is 
known to remain unchanged. We shall have to deal here with some 
truly photocatalytic reactions, but also with some whose photocatalytic 

f»hqracter is by no means certain. ^ 

Our knowledge of the sensitizing properties of dyestuffs, including 

chlorophyll, developed from two sources.^ In 1874, Vogel 
sensitiLtion of the photographic plate, and Becquerel found that chloro- 
phyll can be used for this purpose^ A quarter of a century later, Raab 
discovered that Paramoecia are killed by visible bf t jn^the presence of 
certain dyestuffs, and thus initiated the study ° ® ° 

effects” fa term introduced by von Tappeiner and Jodlbauer in 1307). 
Hausmain (1908) and Hausmann and Kolmer (WOS) found ^^^racte 
from green plants are “photodynamically active, and Hausmann ( 

observ^ion with pure JlorephyU eotopn. ' B-ed y 
“photodynamie effeet" fe the same phenomenon as '"“Sel a and Bee 
querel’s “sensitization.’K..Von Tappeiner and Jodlbauer cal ed their book 
SensitdUzmg Effects of Fluorescent Dyestuffs 

“photodynamic effect” only as a provisional one However 

logical” sensitizations until their nature was better km . 

this term became widely accepted and is ^ 

when dealing with reactions m vitro, such as the autox dation of iodide 

in the presence of eosine (c/. Spealman and Blum It). 

Certain authors (c/. Gioklhom 1914) b^eved in fundamenUl 
photodvnamie effect and ordinary seasiteation. quoted m p , 

Lessity of molecular oxygen 

be sensitized in nitrogen), : or the fact tha ony ■ . , . ^ gow-ever, the first:... 

active (whereas nonfiuorescent dyes can be used in photography), ttowev , 

* Bibliography, page 624. 
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distinction merely indicates that the photodynamic actions are autoxidations (while the 
photographic process is an oxidation-reduction, which does not require oxygen). The 
connection between fluorescence of dyestuffs and their photodynamic activity, which 
has assumed in the eyes of some authors an almost mystic character (it has even been 
suggested that a fluorescent dye can be recognized as such by its photodynamic action 
even if no fluorescence is visible!), is a simple consequence of the proportionality between 
mean life time of the excited molecule and yield of fluorescence (Voi. 11, Chapter 23) 
This often makes sensitization by a fluorescent dye more probable; but under certain 
circumstances, for example, if the absence of fluorescence is caused by tautomerization 
or if a permanent association exists between sensitizer and substrate (a condition 
realized in the sensitized photographic plate), the life span of the activate^ nonfluores- 
cent molecule is sufficient to bring about sensitization. 

Both autoxidations and oxidation-reductions can be sensitized by 
chlorophyll. Sensitized autoxidations can be of three kinds: reversible, 
leading to unstable “moloxides’^j “half-reversible,^^ leading toj3eroxicles 
from which one-half of the absorbed oxygen can be recovered again; or 

irreversible, leading to stable oxi- 
dation products. It is not always 
known to which type a given autox- 
idation belongs, since very often the 
process was followed only by observ- 
ing the absorption of pxygen.^f^To 
determine the amounlf of peroxide 
formation, Gaffron (1927, 1933) 
treated the reaction procftic|;s with 
manganese peroxide and often a 
considerable part of absorbed oxygen 
was liberated again. Meyer (1935) 
found that oleic acid, citronellal, 
pulegone, etc., when subjected to 
sensitized photoxidation and then 
tested by means of bromine or per- 
manganate, seemed to have their 
double bonds intact. In other cases, 
e, that of 'benzidine. (Noack, 1925, ' 
,1926) or pyruvic acid: (Meyer .1935), 
the photosensitized reaction was a 
true oxidation. Probably, the pri- 
marily formed moloxides or perox- 
ides ■ later ,, are' ...c.onverted .into stable 
oxidation products. This may explain why Windaus and Bruncken 
(1928) have observed, in studying the sensitized photoxidation of 
ergosterol, the absorption of one mole of oxygen and the formation of a 
crystallizable ergosterol peroxide without antirachitic properties, whereas 



Fig. 56. — Oxygen uptake by oleic 
acid and olive oil in light with chloro- 
phyll as sensitizer (after Meyer 1935). 
Horizontal sections correspond to inter- 
ruptions of illumination. 
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Meyer (1935) found, with the same substrate, the absorption of only a 
half mole of oxygen, and obtained products with a definite antirachitic 
activity. 

In table 18.1 are collected the main results of sensitization experi- 
ments with chlorophyll, ethyl chlorophyllide, and leaf extracts. The table 
is divided into three parts: (A) photodynamic effects, that is, oxidations 
in vim of unknown cellular constituents, recognizable by their physio- 
logical effects; (B) autoxidations in vitro, reversible as well as irreversible; 
and (C) ^oxidation-reductions. Phenomena of the last group are of 
particular interest to us, since the function of chlorophyll in photo- 
synthesis is to sensitize an oxidation-reduction. Unfortunately, the 
investigations of Bohi (1929) and Allison (1930) have all the short- 
comings of the work emanating from Baur’s laboratory: in addition to 
the “electrochemical language” in which the experiments are described, 
with “anodic” and “cathodic” “depolarizers” substituted for reductants 
and oxidants (cf. Chapter 4), we miss an exact photochemical technique. 
For instance, in experiments with two-dye systems (chlorophyll as 
"sensitizer and another dye as oxidant), no attempt was made to use light 
absorbed by one component only, although the behavior of methylene 
blue, which is reduced by phenylhydrazine in light even in the absence 
of chlorophyll, clearly shows that the direct photochemical reactions of 
the “acceptor” dyes cannot be neglected. 

As a further illustration of a combined photochemical action of both components 
of a two-dye system, we may mention that Holst (1934, 1936, 1937) found that the 
oxidation-reduction equilibrium: 

(18.31) methylene blue -{- phenylhydrazine sulfonate ^ 


ieuco methylene blue -f phenyl diazo sulfonate 

is shifted in one direction by light absorbed by methylene blue, and in the opposite 
direction by light absorbed by phenyl diazo sulfonate. ' " 

The only quantitative investigations among all those listed in. table 
18.1 were those by Gaffron (1927, 1933) and by Ghosh and Sen-Gupta 
(1934). Gaffron studied the autoxidation of allyl thiourea in acetone, 
with ethyl chorophyllide as sensitizer, and found that the quantum 
yield, 7 , reaches unity (in red, yellow, green, and blue light) if the sub- 
strate concentration, [A], is at least 0.01 mole per liter. The yield 
drops at the lo'wer acceptor concentrations and at the higher concentra- 
tions of the sensitizer (Table 18.11). The quantum yield can be repre- 
sented by the following empirical equation: 


0.004 [A] 


" 0.004 [A] + 0.023 CChl3 + l 

Its theoretical implications will be discussed later (pages 518 
546). 
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Tabi^ 18.1 

BEAorioNS Sensitized by CHiiOROPHYLB 


Sensitizer 

Substrate or acceptor 

Result 

A. BIODOGICAD SENSITIZATIONS 

Leaf extract in CHiOH 

MeChlmCHsOH 

Extracts from etiolated leaves 
(protochlorophyll? carotene?) 
Artificial chlorophyll-protein 
complexes 

Erythrocytes, Paramoecia 

Erythrocytes, Paramoecia 
Erythrocytes 

Erythrocytes 

Hemolysis, death 

As above, but stronger effects 
Hemolysis, but weaker than with 
extracts from green leaves 
Hemolysis 

B. AtJTOXIDATIONS 

Chi (a + h) in CHaOH 

Crude Chi extracts in CHiOH 
MeChl (a -f &) in CH 3 OH 

EtChl (a + h) in CHgOH 

Chi (a + 5) in lecithin 
Cu-pheophytin in CH 3 OH: 

colloidal Chi in H 2 O 

Ohl (a -f- b) in petroleum ether 

Chi (a 4- b) in ether 

Chi (a + b) in 90% CHiOH with 
Fe++ and Cu'^+ ions 

EtChl, 5 X 10"® mole/I. 

EtChl in acetone 

Benzidine 

- NH2-C6H4’C6H4-NH2 

Carotene 1 

Xanthophyll / 

Benzidine 

Horse serum 

AUyl thiourea 

NH 2 • CS • NH • CHa • CH : CHs 

1 

Oxidation to benzidine blue, and 
higher oxidized, brown-violet 
products; accelerated by MnO*; 
chlorophyll protected by the 
acceptor 

No oxidation 

Bleaching of the carotenoids; 

chlorophyll protected 
Accelerated oxidation at low Fe"*”^ 
concn. (1.5 X 10"^ mole/1.) , 
then retardation; 00 +*^ even 
more effective; acceleration 
destroyed by HCN and NasSOs 
Oxygen absorbed; yield increasing 
with oxygen pressure, even at 

1 atm. 

O 2 absorbed, SO 2 liberated; 
quantum yield up to 1 (c/. 
page 509), independent of 
oxygen pressure 



_ — — ) r 

Sensitizer 

Substrate or acceptor | 


Result 


EtChl in isoamylamine 

EtChl in dioxane _ , „ 

EtChl in isoamylamine -f mV 

EtChl in diisobutylamine 
EtChl in dioxane-water ( 5 : 1 ) 

Ghl (a + h) 

0 hlin^%C.H 5 OH 

Ghl in paraffin oil, buffer in II2O 

Isochlorophyllin” (alkaline 
chlorophyll) , . . 

Chi (a 4 - &) in acid, or olive 
oil, or in cyclohexanoi -f- mV 

Chi (a + b) in acceptor 

Chi (a + b) in acceptor 

Chi (a + h) in acceptor 

Leaf extracts in C2H6OH 

EtChl (a + W 

Bacteriochlorophyll 

(colloidal extracts) 


Isoamylamine 

(CH3)2CH- CHa- CH2NH2 

Diisobutylamine 

[(CH3)2-CH-CH2]2*.NH 

Ethyiamine CHg * CH2 • NH2 

Diethylamine (C2H5 )s*NH 
Ergosterol (C27H42O) 

Ergosterol in cyclohexanal 

Pyruvic acid CH2 *• CHOH • COOH 

OkteSccSkaCOOH), olive 
oil 

Citronellal CHj:C(Ca) • (CH,),- 

CH(CHs)-CH2;C^ 

LinaloSl (CHsla-CCCH^-CHs 
C(OH)(CH3)-CH:CHs 
Terpineol (mixture ot ^ ^ 

Piilegone CH 3 ‘C 6 ll 70 .C(CHs )2 
I" ions 

Rubrene C42H2S 
Ascorbic acid 


O2 absorbed; amme-peroxide 
formed (oxidizes I )\ all V2 
again liberated by Mn02® 

50 % of absorbed O2 released by 

MnOs^ * 4 . 1 . 

Oxidation slower th^ , j 

isoamylamine; 65 % of absorbed 
O2 released by Mn02 
50 % of absorbed O2 released by 
Mn 02 „ 

1 mole O2 absorbed; crystalhzable 

acceptor peroxide (C27H42U8) 
formed , . , 

A mole O2 absorbed; no peroxide 
formed , . , , 

2 moles O2 absorbed; oxidation to 
oxalic acid and CO2 . 

i mole O2 absorbed (Fig. 56 ) , 
double bond intact; probably 
hydroxy oleic acid formed 

\ 

1 Slightly > 1 mole O, absorbed; 
i double bonds and 0=0 bond 
(in citronellal) intact 

bxidized to I2 _ , , . , , 

Rubrene peroxide formed; yieici 
independent of [02] 

Oxidation 


Continued 


Table IS.l— Continued 
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Table 18.II 


Quantiim Yield op ChlorophylIt-Sensitized Atjtoxidatiox op Allyl Thiourea' 


Allyl thiourea, 

[A] i» mole/l. X 10“’ 

Ethyl chlorophyliide, 
[Ghl] in mole/l. X 10 

Quantum yield, y 

Observed 

Calcd. from eq. (18.32) 

0.75 

1.54 

0.105 

0.085 

7.5 

1.54 

0.44 

0.46 

10.0 

1.54 

0.54 

0.53 

10.0 

0.154 

0.94 

0.90 

75.0 

1.54 

0.86 

0.90 


Equation (18.32) does not include the effect of variable oxygen 
concentration. This effect was comparatively small (in the range investi- 
gated by Gaffron). For example, at [A] = 1 X 10~"2 mole per liter and 
[Chi] = 0.153 X 10"“^ mole per liter, 7 = 0.38 at [O2] = 3 X 10'^ mole 
per liter and 0,48 at [O2] = 75 X 10"^ mole per liter. Even smaller is 
the influence of [O2] on the yield of autoxidation of rubrene sensitized 
by chlorophyll (Gaffron 1933, 1937), particularly at the higher concentra- 
tions of the acceptor. 

Ghosh and Sen-Gupta (1934) measured, in methanol and benzene, 
the rate of the chlorophyll-sensitized reaction between methyl red and 
phenylhydrazine discovered by Bohi. The quantum yields calculated 
for the total absorption by both pigments were considerably below unity; 
but when the yields were related to the absorption by chlorophyll alone, 
y values were found to approximate unity at the lower concentrations 
of the sensitizer (c/. Table 18. III). The table shows that the yields 

Table 18.III 

Quanyitm Yield (7) op the Chlorophyll-Sensitized Oxidation-Reduction 
Reaction between Methyl Red and Phenylhydrazine 
(Calculated for Chlorophyll Absorption Alone) 


Wave length, 

■ ' m/i . 

Solvent 


1.2 

1.66 

1 2.5 

I 


10 

'546' 

, ,, CH3OH 

1.0 

— 

0.70 

0.32 

0.13 

546 

C3H6 ■ 

— 

0.45 

0.48 

0.24 

0.10 

436 ' 

..CHsOH 

— 

1.08 

0.8 

0.45 

0.2 


are higher in methanol then in benzene, and decline rapidly with in- 
creasing concentration of chlorophyll (in agreement with Gaffron^s 
observations). They are independent of temperature (between 25® and 
35® C.), and of the methyl red concentration (between 0.005 and 0.02 
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mole per liter) . The dependence on wave length is not very pronounced 
in methanolj but in benzene, y values obtained at 436 m/x were as low as 
0.05. Very low quantum yields were obtained when phenylhydrazine 
hydrochloride was substituted for the free base. 

2. Different Mechanisms of Sensitization 

Several mechanisms by which autoxidations and oxidoreductions can 
be sensitized have been mentioned in this chapter. They involve a triple 
alternative : 

(1) the sensitizer may be either (A) free, or (B) associated with one 
of the reaction partners; 

(2) the interaction of the sensitizer with the substrate may be either 
(a) an energy transfer, or (/3) an oxidation-reduction (that is, electron 
transfer or hydrogen transfer) ; 

(3) the component with which the light-activated sensitizer reacts 
may be either (1) the oxidant, or (2) the reductant. 

This gives eight combinations — all theoretically possible; most, if not 
all, have been discussed in the literature. 

3* Sensitization by Kinetic Encounters (Type-A Mechanisms) 

(a) Energy Transfer to the Oxidant {Mechanism Aal) 

Eautsky made the sweeping claim that all dyestuff-sensitized re- 
actions— not only autoxidations, but even oxidation-reductions, including 
photosynthesis — are initiated by the transfer of excitation energy from 
the dyestuff to oxygen, bringing the latter into the metastable excited 
state (37.3 kcal above the ground level ®n). 

The origin of this hypothesis will be described in volume, II, chapter 23. It will 
be shown there that the quenching of chlorophyll fluorescence by oxygen indicates that 
excited fluorescent chlorophyll molecules in fact react with oxygen, perhaps even by 
the very first encounter, but that this interaction becomes fully eiSfective only when the 
partial pressure of oxygen reaches the order of one atmosphere, corresponding to more 
than 0.01 mole per liter. On the other hand, according to Gafiron (1933), the quantum 
yield of chlorophyll-sensitized photoxidation of ally!* thiourea is high, and almost 
independent of oxygen concentration, between 10““^ and mole per liter; and the 
same is true of the chlorophyll-sensitized oxidation of rubrene. At these concentrations, 
the probability of encounters of the short-lived fluorescent cMorophyil molecules with 
oxygen molecules is too small to account for the high efficiency of sensitized oxidation. 

To explain this fact, Kautsky, Hirsch, and Fiesch (1935) have postulated the ex- 
istence of a long4ived excitation state of chlorophyll (c/. page 486). Kautsky suggested 
that both the short-lived fluorescent, and the long-lived metastable, chioropliyll mole- 
cules can transfer their energy in bulk to oxygen molecules, and that this energy is 
sufficient — even in the second case— to promote oxygen to the metastable state 
(The excitation energy of this term corresponds to a wave length of 762 mjtt.) An 
objection was raised by Gaffron (1935), who found that autoxidation of allyl thiourea 
can also be sensitized by hacteriochlorophyll in infrared Mght (X > 760 m/A). Kautsky 
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and Flesch (1936) attempted to explain this fact by the utili25ation of a certain amount 
of thermal energy. Later, Gaffron (1936) found that the efficiency of sensitization 
remains practically the same even at 818 m/x, and pointed out that, if the sensitization 
in the iiirared were an “anti-Stokes^^ process, in which thermal energy must help to 
bring about the excitation of oxygen, the yield in the infrared should be much smaller 
than in the visible. This objection was answered by Kautsky (1937) with a reference 
to a second metastable state of the oxygen molecule, with an excitation energy of 
only 22.5 kcal, which can be supplied by radiations up to 1261 mix. 

The general arguments against the transfer of electronic excitation 
energy in bulk from a colored sensitizer to a colorless acceptor, to be dis- 
cussed in chapter 23 (Vol. II), as well as the lack of positive evidence in 
favor of the roundabout way of utilization of light energy assumed by 
Kautsky, are sufficient for the rejection of his hypothesis. 

The energy transfer becomes less improbable if the oxidant is itself a 
dyestuff — particularly one whose absorption bands overlap with those of 
the sensitizer. On pages 503-505 (c/. Eq. 18.29), we have considered 
the possibility that a mechanism of this type may account for the chloro- 
phyll-sensitized reduction of azo dyes. An interesting demonstration of 
such a transfer is the carotenoid-sensitized fluorescence of chlorophyll 
in vivo (cf. Vol. II, Chapter 24). 

(6) Oxidation-Reduction Reaction with the Oxidant {Mechanmn A^l) 

As stated on page 486, we do not believe that chlorophyll molecules, 
which fail to emit fluorescence, pass into a metastable electronic state; 
but we considered it possible that these molecules may pass into a 
chemically changed active state of considerable duration. Similarly, 
while we do not consider probable a purely physical transfer of excitation 
energy from metastable chlorophyll molecules to oxygen, we admit the 
possibility of a chemical reaction (e. g.j an electron tonsfer) between 
activated chlorophyll and oxygen. In presence of m oxidizable sub- 
strate, A, this reaction may become a prelude to sensitized pliotoxidation, 
in the following way, for example: 


(18.33 a) 

CH*v=== 

=^tCM 

(18.33b) 

'tChl + Oj - 

-^HOj + oChl 

(18.33c) 

oChl + A- 

>oA + Chi 

(18.33d) 

HO 2 — 

+ IO 2 ■ 

(18.33) 

A + i Oj - 

> 0 A 


The formation of the radicals, HO 2 , was first suggested by Weiss (1935) as a substi- 
tute for that of metastable oxygen molecules, in the explanation of Kautsky's experiments 
on the transfer of sensitization across air gaps; cf. volume II, chapter 23. 

Reaction (18.33c) IS identical with (i8.27b)~the reaction 
assumed on page 502 to explain the protection of chlorophyll from 

photoxidati on by autoxidizable substances. 
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As mentioned on page 491, a tautomerization of the sensitizer may 
be replaced by a reversible reaction with the solvent, as, for example: 

(18.34a) Chi* + S rChi + oS 

(18.34b) rChl + i02 > Chi 

(lS.34c) oS + A >oA4-S 

(18.34) A + iOs >oA 

A mechanism similar to (18.33) may account also for the sensitized 
oxidoreductions listed in the last part of table 18.1: 

(18.35a) Chi* >tChl 

(18.35b) tChl 4- Ox oChl + rOx 

{18.35c) oChl 4- Red > Chi 4- oRed 



(18.35) 


Ox 4- Red ■ 


> rOx + oRed 


In this case, too, a primary reaction with the solvent can be substituted 
for tautomerization as the initial step. 

(c) Energy Transfer to the Reductant {Mechanism Aa2) 

It has been mentioned on page 500 that Gaffron (1927, 1933, 1937) 
postulated a transfer of the excitation energy of chlorophyll to the oxida- 
tion substrate, A (c/. Eq. 18.22a). To explain the efficiency of sensitized 
oxidation at low oxygen pressures, Gaffron had to assume that these 
substrates, e, g., amines or rubrene, are transferred into long-lived 
activated states. Kautsky objected to Gaffron^s mechanism because 
many sensitization substrates— including allyl thiourea, used by Gaffron 
— do not quench the fluorescence of chlorophyll. "^However, this objection 
loses its strength if one assumes, with Franck and Livingston (1941), 
that sensitization is brought about by a long-lived active modification of 
chlorophyll, rather than by the short-lived fluorescent chlorophyll 
molecules. 

If we assume tautomerization (or a reversible reaction with the 
solvent) as the first step, the next logical step is oxidation-reduction 
(transfer of electrons or hydrogen atoms), rather than a transfer of 
energy (as assumed by Gaffron), because the active product, being 
chemically different from normal chlorophyll, cannot return to the 
normal state without a shift in the position of the atomic nuclei 
an intramolecular or intermolecular transfer of a hydrogen atom). We 
have then to consider, instead of mechanism Aa2, mechanism A ^2, that 
is, an oxidation-reduction reaction between sensitizer and reductant. 

Franck and Levy (1934) suggested that collisions with excited dyestufi molecules 
may induce a dissociation of the acceptor (which we formulate for this purpose as RH) : 


ChP 4- RH ■ 


rdhl4-R4-H 
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but this mechanism is improbable in consideration of the large amount of energy re- 
quired for such a dissociation {cf. p^e 484). 

(d) Oxidation-Reduction Reaction with the Rediidant {Mechanism 

Weiss (1936) and Weiss and Fischgold (1936) suggested that the 
primary process of sensitized oxidation is an oxidation-reduction reaction 
between the dyestuff and the substrate of oxidation. The simplest 
mechanism of this type is: 

(18.37a) D* ■+■ A > rD •+• oA 

(18.37b) rD-(-iOj »D 

(18.37) A -t- i O 2 > oA __ 

This mechanism is highly probable in the case of dyestuffs forming 
colorless leuco bases. 0Dheir fluorescence is strongly quenched by 
reductants (I~ ions, Fe'^ ions, and autoxidizable organic compounds). 
If these dyes are brought together with reductants whose oxidation- 
reduction potentials are higher than their own, they are reduced (bleached) 
even in the dark; in light, they can be reduced also by reductants with 
an oxidation-reduction potential lower than their own. Since this 
bleaching is reversed in the dark, by the reoxidation of the leuco dye, 
a stationary state is established during the illumination which differs 
from the thermodynamic equilibrium. The dyestuff is bleached as long 
as the system is illuminated, ^he best example of such reversible 
bleaching is the reaction of thionine (Lauth’s violet) with ferrous ions, 
described in chapter 4 (page 77) and 7 (page 152). This system can be 
bleached completely in a few seconds by sufficiently strong light, and 
recovers its color almost instantaneously in the dark^ Other similar 
systems, e. g., thionine and potassium iodide, or eosine and ferrous ions, 
are less sensitive, and their reversible bleaching can be discovered only 
by means of. photometric measurements (Rabino witch and Weiss, 
unpublished).") In the presence of oxygen, some leuco thionine is re- 
oxidized by oxygen, and ferric ions are accumulated, the net result being 
a thionine-sensitized autoxidation of ferrous iron: 

(18.38a) Thionine* + 2 Fe++ -f 2 H+ v leuco thionine 4- 2 Fe+++ 

(18.38b) Leuco thionine + J O 2 — >■ thionine -b HaO 

(18.38) 2 Fe++ 4- i O 2 + 2 H+ — >■ 2 Pe++-*- + HiO 

This is a particularly simple case of sensitized autoxidation. 

According to equation (18.38), autoxidation by reversibly reducible 
dyes is due to the disturbance of the photostationary state by molecular 
oxygen, which removes the leuco dye. A similar disturbance can also be 
caused by the removal of the oxidized acceptor, e. g., of the Fe • ^ ions. 
Weiss (1936) found, for instance, that, if reaction (18.38a) is earned out 
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in the absence of oxygen, in neutral (instead of acid) solution, Pe+++ ions 
form an insoluble hydroxide and the dyestuff is progressively bleached. 

Can this mechanism also account for the sensitizing action of chloro- 
phyll? Two observations argue against such an hypothesis: chlorophyll 
solutions are not bleached by reducing ions, e. g., Fe++ or I~, either 
reversibly or irreversibly (Rabinowitch and Weiss, unpublished); and 
the fluorescence of chlorophyll is not quenched by these ions. 

However, the first result could possibly be explained by assuming 
that, in the case of chlorophyll, the back reaction in (18.39) : 

light 

(18.39) CM* 4- A rCM + oA 

dark 

is SO rapid that even the strongest illumination cannot appreciably 
disturb the equilibrium, and the concentration of the reaction products, 
[oA], never becomes large enough to"allow their removal (as by precipi- 
tation of F6++'^, in the case of A = Fe'^+). 

The second result, the nonquenching of chlorophyll fluorescence by 
the substrates of photoxidation, also does not entirely preclude a mech- 
anism of the Weiss-Fischgold type, since it can be attributed to a pre- 
liminary tautomerization (or a reversible reaction with the solvent), as 
described on pages 483-484, for example:, 

(18.40a) or (18.41a) Chi* + S oChl + xB 

(18.40b) tChl + A oA + rChl (18.41b) oChl + A oA + Chi 

(18.40c) rChl + i O 2 > Chi (18.41c) rS + i O 2 S 

(18.40) A + i O 2 oA (18.41) A -f i O 2 oA 

(As mentioned on page 484, contrary to the suggestion of Weiss and 
Weil-Malherbe, 1944, strong self-quenching cannot explain the absence 
of quenching by sensitization substrates, when the quantum yield of the 
sensitized reaction is close to 1.) 

(c) Comparison of Mechanisms of Type A 

In (18.33), (18.34), (18.40), and (18.41) we have formulated four 
alternative type-4/^ mechanisms of chlorophyll-sensitized autoxidation, 
each of which could explain why the oxidation substrates do not quench 
chlorophyll fluorescence and why the photoxidation occurs with a high 
quantum yield even at low oxygen pressures.^ The only experimental 
results which can be used to test these formulas are Gaffron^s data on 
the quantum yield of sensitized oxidation of ally 1 thiourea (Eq. 18.32). 
Apart from the [Chi] term in the denominator, equation (18.32) is of 
the familiar “Stern-Volmer - ■ type, indicating that activated chlorophyll 
has the alternative of either being deactivated by a monomolecular 
process, or reacting with acceptor A by a bimolecular process. Of the 
four mechanisms mentioned above, mechanism (18.40), in which tau- 
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tomeric chlorophyll either is converted monomoleculaiiy back into 
ordinary chlorophyll or oxidizes the acceptor by a bimolecular reaction^ 
(18.40b)/ leads directly to such a dependence of the yield on [A]. The 
other mechanisms give more complicated kinetic equations. However, 
since the quantum yield must be zero in the absence of A, and cannot 
exceed unity at high values of A, all mechanisms must "give saturation 
curves for the function, y = /[A]; and the available experimental data 
are not exact enough to allow one to assert that the quantum yield curve 
follows exactly the simple Stern-Volmer formula. Thus, new, precise, 
photochemical experiments appear desirable. 

None of our mechanisms explains the occurrence of a term propor- 
tional to [Chi] in the denominator of (18.32). Additional hypotheses 
are required to account for it (as well as for the similar decline of the 
quantum yield of the chlorophyll-sensitized reaction between methyl red 
and phenylhydrazine, observed by Ghosh and Sen-Gupta at the higher 
concentrations of the sensitizer ).^^ 

This decline could be caused, for example, by a polymerization of 
chlorophyll and consequent accelerated dissipation of energy. Another 
possibility is energy dissipation by collisions of excited and normal 
chlorophyll molecules, Chi* + Chi 2 Chi. The occurrence of one or 
both of these processes is indicated by the self-quenching of chlorophyll 
fluorescence (Weiss and Weil-Malherbe 1944). Long-lived active mole- 
cules also may be deactivated by such collisions, e. p., by dismutation, 
which produces the alternative:-’ 

(18.42a) tCM + A > rChl -f o A or 

(18.42b) tChl + Chi — > rChl + oChi 

and can thus lead to a decline in the probability of the sensitized oxida- 
tion of A with increasing concentration of chlorophyll 

The mechanisms which envisage a bimolecular back reaction — c. p. 
(18.34) and (18.41)— can be shown (by the reasoning employed on 
page 489) to require a proportionality of the absolute yield wdth the 
square root of light intensity at the low values of [A] (when y is small and 
the stationary concentration of oChl is determined almost exclusively by 
reaction (18.41a) ; wMle, at the higher concentrations of the acceptor, 
when 7 approaches unity (f. c., when practically all oChl molecules 
react according to 18.41b), the absolute yield should become proportional 
to the first power of light intensity. Thus, the quantum yield should 
decrease with increasing light intensity at low values of [A], and become 
independent of this intensity at high values of [A]. ^ On the other haiid, 
the mechanisms which imply a monomolecular deacti nation, c. g?., (18.33) 
and (18.40), require that the quantum yield should be independent of 
light intensity at all concentrations of the acceptor. New experimental 

material would be required to apply these conclusions. 
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To sum up, we are at present unable to select a single mechanism for 
all autoxidations and oxidation-reductions sensitized by chlorophyll. 
One thing is clear : the mechanism of sensitization by chlorophyll is more 
complicated than that of the sensitization by reversibly reducible “vat 
dyes, and the assumption of a long-lived activation state cannot be 
avoided. A scheme of sensitized autoxidation based on long-lived ac- 
tive state, and kinetic equations derived from it, will be found on pages 
,546-547. ■ 

Not unconnected with the problem of long-lived activated states may be the experi- 
ments on the ^‘photodynamic activity of pre-irradiated dyestuff solutions (e. g., 
fluorescein). Moore (1928), Blum (1930, 1932), Menke (1935), and others found that 
cytolytic and hemolytic effects can be obtained not only by illuminating the dyed tissue, 
but also by first illuminating the dyes and then introducing them into the tissues. 
Blum and Spealman (1934) found that these effects cannot be explained by the presence 
of hydrogen peroxide in illuminated dyestuff solutions (c/. page 78), and attributed 
them to some unknown decomposition products of the dye. 

Quantitative investigations with different solvents and acceptors and 
with varying light intensities and wave lengths should bring clarity into 
the problem of the chlorophyll-sensitized reactions in vitro; and this may 
become an important step forward in the understanding of the role of 
chlorophyll in photosynthesis. 

One prerequisite of such studies is that they be carried out with 
fresh, pure chlorophyll preparations, and not with crude extracts, so-called 
“pure^^ commercial products, or preparations which have been kept in 
storage for a considerable length of time. The oxidation-reduction 
properties of chlorophyll seem to be among the most sensitive character- 
istics of this altogether very sensitive compound, and may undergo rapid 
clj^nges upon storage, not only in solution, but in the dry state as well. 

y 

4. Sensitization within a Complex (Type-B Mechanisms) 

On pages 492 and 499, the possibility of a reversible association 
of chlorophyll with oxygen was discussed in connection with the mecha- 
nism of the bleaching of chlorophyll, and the conclusion reached was 
that this association is improbable. Obviously, if it would occur, the 
kinetics of chlorophyll-sensitized autoxidations would be largely changed 
(mechanisms Bal or Bfil taking the place of the mechanisms discussed 
before, which were based on the encounters of the molecules tChl, rChl, 
rS, or rA with free oxygen molecules). 

Another possibility is an association of chlorophyll with the acceptor A 
(mechanisms Ba2 and B^2). Such an association could explain the ab- 
sence of a concentration-dependent effect of the acceptor on the fluores- 
cence of the sensitizer, in the same way as this fact can be explained by a 
reaction with the solvent or by tautomerization — ^namely, by making the 
sensitization, like fluorescence, formally a monomolecular reaction. The 
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complex, ChlA, can be expected to have an intrinsic capacity for fluores- 
cence different from that of free chlorophyll; but there is no reason for 
the intensity of its fluorescence to change with an addition of excess '^ A. 

The hypothesis of complex formation with the acceptor includes the 
two possibilities, Ba^ and one based on energy transfer within the 
complex, and one assuming a chemical reaction between the two compo- 
nents of the complex. Franck and Wood (1936) considered the first 
possibility, with the specific suggestion that the transfer of the excitation 
energy from Chi to A leads to the dissociation (dehydrogenation) of A. 
This mechanism is similar to that suggested earlier by Franck and Levi 
(1934) for kinetic encounters, except that now a residue of the dissociated 
acceptor remains attached to the sensitizer, and in this way some of the 
dissociation energy may be compensated for by the affinity between the 
sensitizer and this residue, for example (instead of 18.36): 

light 

(18.43) CWAH >ChlA + H 

In (18.43), the acceptor is designated by AH and A is a radical whose 
affinity for chlorophjdl is likely to be stronger than that of the saturated 
molecule, Atl. In a complex, energy transfer and chemical reaction are 
very closely related phenomena. Equation (18.43), for example, en- 
visages a chemical change not only in the ^'acceptor part,^^ but also in 
the sensitizer part^^ of the complex. One can make one more step and 
assume a true intermolecular oxidation-reduction reaction within the 
complex, as: 

light 

(18.44) (ChlA) > {oChlrA} (or (rChloA)) 

Mechanisms of this type are of particular interest in connection with the 
problem of photosynthesis, since there, the reaction substrates have often 
been assumed to be permanently associated with chlorophyll. We shall 
Teturn to this problem in chapter 19. 

D, Photochemical Peopebties op the Caeotenoids ; 

AND PhYCOBILINS* 

Not much is known about the photochemical decomposition of the 
carotenoids f although they are described as 'Tight sensitive^L(c/, Zech- 
meister 1934) . One natural process of great importance is closely related 
to the photodecomposition of carotenoids: the bleaching of visual purple, 
which is the basis of vision in the retinal rods. Visual purple is a protein 
complex containing a derivative of vitamin A as its prosthetic group 
(c/. Wald 1942) ; the' relationship , betwee vitamin A and carotene ; was 
mentioned,, on page, 471.: : „ 

* Bibliography, page 525. 
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The elementary photochemical act of vision consists in the conversion 
of visual purple into a mixture of protein and the yellow carotenoid, 
retinene, and later into the colorless vitamin A. In a dark process, the 
visual purple is restored from these decomposition products, by direct 
reversal of the photochemical reaction in the case of retinene, and by a 
more complicated circular process in the case of vitamin A, according to 
the scheme: 

light 

visual purple ■' retinene 4- protein > vitamin A + protein 

t__ ^ ! 

This cycle proves that carotenoids are capable of reversible photochemical 
reactions — a property which may serve them in good stead in their 
participation in photosynthesis. This participation, which has long been 
denied, was recently confirmed by comparative experiments on the yield 
of photosynthesis in the light absorbed by chlorophyll alone, and in the 
light absorbed by both chlorophyll and the carotenoids (cf. Vol. II, 
Chapter 30). 

However, it is by no means certain that the participation of the 
carotenoids in the sensitization of photosynthesis is based on a reversible 
chemical reaction. The carotenoid-sensitized fluorescence of chlorophyll 
in vivo (of. Vol. II, Chapter 24) shows that the electronic excitation 
energy of the carotenoids can be transferred to chlorophyll. (This 
phenomenon was quoted on page 515 as proof that the “bulk” transfer 
of electronic excitation energy is not improbable between two molecules 
with overlapping absorption bands.) It is feasible — indeed probable — 
that carotenoid-sensitized photosynthesis also is initiated by such a trans- 
fer of electronic excitation energy to chlorophyll. 

Almost nothing is known about the sensitizing effect of carotenoids 
in vitro. Pei'haps the belief in the rule that nonfiuorescent dyes do not 
sensitize has prevented many investigators from even attempting to use 
these dyestuffs in sensitization experiments. In the one case, when 
carotene was tested for its sensitizing action, the result was positive: 
Karrer and Strauss (1938) found that colloidal carotene solutions sensitize 
the autoxidation of benzidine. Addition of gelatin or (i,i-alanine en- 
hanced the effect. 

The phycobilins are described as “very sensitive to light and oxygen” 
(see, for instance, Schiitt 1888). According to Lemberg (1930), the 
protein-free pigments are even less stable than the chromoproteids. 
(Free phycoerythrobilin is quickly oxidized to phycocyanobilin by 
oxygen.) Nothing else is known about the photochemistry of these 
compounds or their sensitizing efficiency. Experiments indicate, how« 
ever, that they can act as sensitizers in photosynthesis (c/. Vol. II, 
Chapter 30). 
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Chapter 19 


PHOTOCHEMISTRY OF PIGMENTS IN VIVO 

A. Photahtoxidations m 
1. Photosyntliesis, Photautoxidation, and Photorespiration 

In chapter 18, we found that most reactions sensitized by chlorophyll 
in vitro are autoxidaiions^ and that only a few chlorophyll-sensitized 
oxidation-reductions have been studied. The most important reaction 
sensitized by chlorophyll in-vivo — ^photosynthesis — is an oxidation- 
reduction; but chlorophyll in the cell can sensitize autoxidations as well. 
Their substrates are either cellular reserve materials, or externally 
supplied oxidizable compounds. 

The maximum rate of chlorophyll-sensitized photautoxidation in 
vivo is a whole order of magnitude lower than that of photosynthesis in 
strong light. It is therefore difficult to say whether a slow photautoxi- 
dation may ngt sometimes take place simultaneously with photosynthesis 
even while the latter proceeds at its normal steady rate. Whenever an 
attempt is made to enhance photoxidation {e. g,, by an increase in the 
partial pressure of oxygen), it soon causes a partial or complete inhibition 
of photosynthesis. 

There are thus two methods of studying the photautoxidation in vivOj 
unhampered by photosynthesis. One is to inhibit photosynthesis before- 
hand, e. g.j hj narcotization or by the removal of all carbon dioxide 
from the medium; the other is to stimulate autoxidation (e. by in- 
creasing the concentration of oxygen or by stepping up the intensity of 
illumination), until photosynthesis is inhibited ^^autocatalytically^^ 
(probably by photoxidative deactivation of some of its enzymes). In 
both cases, oxygen liberation in light yields place to oxygen consumption, 
whose maximum rate is three or four times higher than the rate of 
respiration in the dark. This oxygen consumption may proceed at a 
steady rate for several hours, without causing damage to the plant. 
After this, photoxidation slows down — obviously in consequence of 
exhaustion of cellular oxidation substrates — and, at the same time, a 
bleaching of the pigments becomes apparent. Thus, contrary to the 
earlier views of Noack (1925, 1926), the pigments are not the first sub- 

* Bibliography; page 558. 
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strates to suffer photoxidation in plants whose photosynthesis has been 
inhibited; rather, they remain intact as long as other oxidizable materials 
are available to the cells. 

Van der Paauw (1932) had noticed that, subsequent to a period of 
photoxidation in C02'-starved cells, oxygen consumption in the dark also 
was stronger than before the exposure. To explain this, he suggested 
that photoxidation of cellular reserve materials is simply light-stimulated 
respirationj and that stimulation persists for some time after the illumi- 
nation has ceased. 

However, in all probability, photautoxidation and light-stimulated 
respiration are two independent phenomena. Photautoxidation is a 
chlorophyll-sensitized photochemical process; it takes place only in the 
chloroplasts, and its mechanism may bear a close relationship to photo- 
synthesis. ^^Light-stimulated respiration,^^ on the other hand, often is 
merely ordinary respiration enhanced by the accumulation of ‘^photo- 
synthates” (e. g., sugars), that is, a nonphotochemical process, which may 
occur everywhere in the cell. True, some evidence has been found also 
of a direct stimulation of respiration by light (^^photorespiration^Oj but 
the active rays seemed in this case to be those absorbed by the carotenoids 
rather than by chlorophyll {cf. page 569). 

^Thotorespiration^^ phenomena will be discussed later (Chapter 20). 
That the phenomena which we will describe now are different from 
photorespiration is shown: first, by their occurrence in red light (which 
indicates sensitization by chlorophyll) ; second, by the much higher 
partial pressure of oxygen required for their “saturation^’ (c/. Figs. 58 
and 59) ; and third, by their occurrence in leaves killed by boiling (which 
proves their independence from the heat-sensitive enzymatic apparatus 
of respiration). 

One could argue that the last observation indicates that photoxidation 
in vivo bears no relation to photosynthesis either, since the latter process 
also depends on heat-sensitive enzymes. Gaffron (1939^-^) and Franck 
and French (1941) suggested, in fact, that chlorophyll-sensitized photoxi- 
dations in vivo are analogous to similar reactions in chlorophyll soltiiions, 
rather than to any enzymatic life processes. However, the different 
influence of oxygen concentration on sensitized photoxidations in vivo 
and in vitro (cf, page 531) shows that the mechanisms of these processes 
are different. We suggest, as a working hypothesis, that the primary 
photochemical process of photautoxidation m vivo is identical with the 
primary photochemical process of photosynthesis, but that it is coupled 
with secondary reactions catalyzed by heat-resistant catalysts (6. g., 
complex iron compounds, as contemplated by Noack in 1925) ; while, in 
photosynthesis, the same primary process is associated with secondary 
reactions catalyzed by true, heat-sensitive enzymes. This relationship 
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between cMoropliyll-sensitized photautoxidation in vivo and photo- 
synthesis will be discussed in more detail on pages 543 et seq. 

2. Photautoxidation in Narcotized or Starved Plants 

Fromageot found, in 1924, that in the presence of 50% or more 
glycerol aquatic plants change from oxygen production to oxygen con- 
sumption in light, the rate of which may be three or four times higher than 
that of respiration in the dark. At approximately the same time, 
Noack (1925, 1926), while studying the chlorophyll-sensitized benzidine 
oxidation in vitro, found that this reaction also can be sensitized by 
living leaves. 

In Noack^s experiments, leaves were soaked in aqueous benzidine solution and 
illuminated for four hours. After this the chloroplasts appeared brown. The brown 
pigment was extracted and proved to be an oxidation product of benzidine, while the 
chlorophyll appeared intact and its quantity undiminished. Benzidine oxidation could 
be observed also in boiled green leaves, but not in white parts of variegated leaves, or 
in leaves whose chlorophyll was converted into copper pheophytin by treatment with 
copper sulfate. 

Hardly any experiments on the 'photautoxidation of external substrates 
by living plants have been carried out since Noack^s work on benzidine, 
although the oxygen consumption of cells undergoing internal photoxida- 
tion has often been found stimulated by the addition of glucose or other 
organic nutrients. Whether these compounds served as direct substrates 
of autoxidation, or were first converted into metabolites, is unknown. 
Observations on the photautoxidation of cellular material, although more 
numerous, have usually been confined to the measurement of oxygen 
consumption, thus leaving the nature of the oxidation substrates unknown. 

In these experiments, carbon dioxide starvation rather than narcotiza- 
tion, has been used as the means to suppress photosynthesis. Noack 
(1925, 1926) thought that carbon dioxide removal is less efficient than 
urethan poisoning in promoting photoxidation (because carbon dioxide 
production by respiration does not allow one to reduce photosynthesis 
much below the ^'compensation point,’’ where the net gas exchange is 
zero.) However, van der Paauw (1932) found that, H or midium 

filaments w^ere exposed to light in an atmosphere which was kept free 
from carbon dioxide by contact with alkali, oxygen evolution yielded 
place to oxygen consumption, at a rate which was considerably larger 
than that of ordinary respiration. In similar, but more detailed experi- 
ments by Franck and French (1941), leaves of if were mounted 
on a we gauze rotor a few millimeters above a 10% potassium hydroxide 
solution, which was stirred by threads suspended from the rotor (Fig. 57). 
The evolution (or absorption) of oxygen was measured manometrically, 
in darkness and in the concentrated light of a 1000-watt lamp. 
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As found by Noack, some carbon dioxide liberated by respiration (and photoxida- 
tion) was reduced by the leaves before it reached the alkali. Franck and French 
determined this residual photosynthesis by experiments in nitrogen containing only 
1.5% oxygen, which is sufficient to saturate the respiratory apparatus but not enough 
to cause measurable _ photoxidation (c/. Figs. 58 and 69). The net rate of oxygen 
consumption, determined under the higher partial pressures of oxygen, was then cor- 
rected by adding the rate of residual photosynthesis and substracting the rate of dark 
respiration. (This presupposes that photosynthesis was not affected by photoxidation, 
although the latter may have produced more carbon dioxide than did respiration.) 

Photautoxidation proceeded for a while at a constant rate, until it 
slowed down for lack of substrates; before stopping altogether it attacked 



Fig* 57. — Apparatus for the . study of photoxidation in carbon dioxide-depriveci 
leaves (after Franck and French 1941). The leaf is mounted on a, rotor; it® lower 
surface, which contains the . ftomata, is Just above a potassium hydroxide .solution. 
The vessel is, joined to a manometer for the measurement of .oxygen consumption. , 

the p,igments and. other vital constituents of the cell. This ^Tight in,jiiry '^^ 
can be postponed by providing an external supply of oxidation substrates : 
in leaves 'whose stems dipped into 'a glucose solution, the rate of phot- 
autoxidation was both higher and steadier than without glucose. Similar, 
results were obtained- by .Mevius; (1936), who left COg-starved leaves on 
the stem and allowed other leaves to photosyntheske in the normal way 
and supply the photoxiclizing leaves with sugars, by translocation. 
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Fia. 58.— Rate of photoxidation as a function of oxygen pressure (after Franck 
and French. 1941). o, oxygen consumption in C02-starved live Hydrangea leaves 
(after Franck and French) ; A, decline of oxygen liberation of live Chlorella cells caused 
by excess oxygen (after Warburg); #, oxygen consumption by horse serum in light, 
sensitized by adsorbed porphyrin (after Gaffron). All three processes require a high 
oxygen pressure to reach a full rate of photoxidation. 

Figure 58 shows oxygen consumption in the steady period of phot- 
autoxidation as a function of oxygen pressure, while figure 59 represents 
a similar plot for respiration. The latter indicates saturation at less 
than 1% of oxygen in the atmosphere, whereas photoxidation requires 
over 50%. (This fact was quoted above as a proof that photoxidation 
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Fig. 59.— Rate of respiration as a function 
of oxygen pressure (after Franck and French 
1941). Saturation is reached at a very low 
oxygen pressure. 
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the same oxygen concentration but in the absence of carbon dioxide). 
It is thus impossible to account for the decline in photosynthesis by 
assuming that the observed gas exchange is the balance of unchanged 
photosynthesis and added photautoxidation. Rather^ we have to postu- 
late with Franck and French (1941) that photoxidation inactivates the 
catalytic mechanism of photosynthesis. 

An effect similar to that of excess oxygen is caused by excess light 
The dependence of photosynthesis on light intensity will be the subject 
of chapter 28 in volume II. The rate increases up to a certain light 
intensity— which for plants adapted to direct sunlight is of the order of 
50,000 lux— and then becomes constant, apparently because one of the 
enzymes taking part in photosynthesis has a limited capacity and can 
provide (or utilize) only a certain quantity of intermediates, required for 
(or supplied by) the primary photochemical process. Photautoxidation 
has no such limitations, and its rate continues to grow long after photo- 
synthesis has become '^saturated” with light. This explains the phe- 
nomena known as solarization (dissolution of starch deposits in leaves in 
intense light, c/. Ursprung 1917), light inhibition and light injury— which 
have been known long before their relation to photoxidation became clear. 

The ease with which reversible light inhibition and irreversible light injury can be 
produced in different plants, depends on their (ontogenetic or phylogenetic) light 
adaptation. This may be one of the reasons for discrepancies between the findings of 
different observers. When Reinke discovered the light saturation of photosynthesis in 
1883, he did not notice any decline in the rate of photosynthesis of aquatic plants until 
the fight intensity was increased to 20 or 50 times that of direct sunlight (that is, to 
one or two million lux!). Ewart (1896), on the other hand, discovered the inhibition 
of photosynthesis by excess light by exposing the water plant Elodea to direct sunlight. 
Later, (1897), Ewart observed that the photosynthesis of tropical plants is not inhibited 
by direct sunlight; still later (1898), he stated that inhibition can be produced in all 
plants by the use of concentrated sunlight. Light inhibition was again observed by 
Pantaneili in 1903; but the reality of this phenomenon (which had no place in Blackman^s 
theory of ‘^limiting factors^') was doubted by Blackman and Smith (1911), who admitted 
only the occurrence of light injury in concentrated sunlight, which they ascribed to 
• overheating. Gessner (1938) found no inhibition in prolonged experiments with aquatic 
plants (Elodea and others) in light of 100,000-130,000 lux, even if the near ultraviolet 
intensity was artificially enhanced by means of a mercury arc in glass. Johansson 
(1923, 1929) explained the light inhibition by the closure of stomata in strong light 
(c/. the theories of the “midday depression” in volume II, chapter 26), while Emerson 
(1935) concluded, on the basis of experiments with Chlorella in light up to 45,000 lux, 
that light inhibition occurs only if the supply of carbon dioxide is inadequate (thus 
creating local starvation, with consequences similar to those described on pages 528-531 
of this chapter). 

Although incidental factors, such as overheating, closure of stomata, 
or inadequate supply of carbon dioxide, may play an important role in 
some cases of light inhibition and light injury, it seems certain that 
these phenomena can occur also when all such factors are eliminated. 
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Figure 60 shows ^Hime curves^’ corresponding to different light 
intensities. At 1000 f.-c., the rate is constant, that is, no inhibition 
occurs after 30 minutes of illumination. At 4000 f.-c., the initial rate is 
higher than at 1000 f.-c., but inhibition sets in after about 20 minutes, 
causing a gradual reduction of photosynthesis to a final rate which is I 

lower than that at 1000 f.-c. At 6100 f.-c., the initial rate is about the | 



Fig. 60. — Inhibition of oxygen liberation in Chlorella by intense light (after Myers 
and Burr 1940). Light intensities are in foot-candles. Numbers above the curves are 
rates of pressure change (in mm. per 10 min.). 

same as at 4000 f.-c. (showing that light-saturation has been reached) 
but the inhibition is more rapid and more severe. At 12,900 f.-c., after 
about 20 minutes, evolution of oxygen is replaced by its consumption; 
at 18,400 f.-c., the oxygen consumption in light exceeds that in the dark, 
that is, not only is photosynthesis completely suppressed, but photautoxi- 
dation is added to normal respiration. At 27,700 f.-c., the total oxygen 
absorption is 2.5 times larger than that caused by respiration alone, and 
the decline in pressure sets in almost immediately upon the start of 
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(with glucose as a source of organic matter). All curves, regardless of 
the treatment of the algae, approached the same maximum rate of 
oxygen uptake in very strong light, a rate equivalent to between two and 
four times the dark respiration. This final rate was not affected by 
variations in carbon dioxide supply. The addition of cyanide (0.01 mole 
per liter) which inhibited photosynthesis practically completely and 
caused the oxygen consumption to begin its increase at light intensities 
as low as 1,000 f.-c., also left the final rate of autoxidation in strong light 
(20,000 f.-c.) unaffected. 

It was mentioned in chapter 13 (page 329) that Franck and French 
(1941) attributed the inactivation of photosynthesis by excess oxygen to 



0 6 12 18 24 30 x 1000 f.-c. 

Light intensity 


Fig. 61. — Oxygen liberation by Chlorella as a function 
of light intensity in very strong light (after Myers and 
Burr 1940). Cells grown in 5% CO 2 and 450 f.-c.; 

B, cells grown in air (0.03% CO 2 ) and 450 f.-c. 

a photoxidation of the ^^carboxylase/’ J5 a, which supplies the photo- 
synthetic mechanism with the carbon dioxide-acceptor complex, { CO 2 K 
The same explanation can be suggested also for the inactivation by 
intense light. Whenever enzyme Ea is inactivated, the concentration of 
the normal oxidant in the primary photochemical process becomes de- 
pleted, and oxygen is given a chance to act as a substitute oxidant.” 

We have all reason to assume that the inhibition by excess light is 
essentially the same phenomenon as inhibition by excess oxygen, narcoti- 
zation, or carbon dioxide starvation. However, it would be important 
to prove that this type of inhibition, too, is chlorophyll-sensitized and 
therefore equally strong in red and blue light, Montfort (1941) asserted 
that the sunstroke” which marine algae suffer in intense light is caused 
only by the short-wave part of the spectrum'. 
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The photoxidation of chlorophyll in plants in which photosynthesis 
has been inhibited by poisoning or carbon dioxide starvation was first 
studied by Noack (1925, 1926), who used the water moss, Fontinalu 
aniipyretica. After 48 hours of illumination of Fontinalis in C02-free 
water, the leaves showed a partial bleaching. More effective was the 
suppression of photosynthesis by poisoning, e. g., by phenylurethan or 
sulfur dioxide. The bleaching of poisoned chloroplasts set in, not 
immediately after the addition of the poison, but several hours later 
(according to page 526, the explanation of this delay must be sought in 
the preliminary photoxidation of other cellular materials). Once started, 
the bleaching persisted even after the removal of the poison, particularly 
in the case of sulfur dioxide. Noack (1926^) suggested that photoxidation 
of chlorophjdl under the influence of sulfur dioxide explains the destruc- 
tion of vegetation by industrial smoke gases. Continuing Noack’s 
experiments, Wehner (1928) observed the bleaching of leaves in which 
the photosynthetic apparatus was poisoned by nitrous gases (fuming 
nitric acid). 

The chemistry and kinetics of chlorophyll bleaching in vivo are as 
yet almost unknown. Noack (1925, 1926) measured the rate of oxygen 
uptake by killed Fontinalis shoots in light, and found a linear increase in 
the rate with an increase in CO 2 ], up to 2% oxygen in the air. Prelimi- 
nary extraction of lipides with petroleum ether did not change the rate 
of bleaching and of oxygen absorption (Noack considered this as a sign 
that the stability of chlorophyll in the chloroplasts is not due to an 
association with lipides). Treatment with copper salts (leading to a 
substitution of copper for magnesium), slightly increased the rate of 
oxygen uptake. (This experiment was made because Noack thought 
that copper-pheophytin, which does not fluoresce and is not efficient as 
a sensitizer, should also be less subject to photochemical self-oxidation.) 

B. Sensitized Oxidation-Reductions in vivo ^ 

The replacement of water by hydrogen sulfide, hydrogen, or organic 
compounds as hydrogen donors in algal and bacterial photosynthesis 
was discussed in chapters 5 and 6. Sensitized photoxidations, described 
on pages 526-'637 of this chapter, can be attributed to a substitution of 
oxygen for carbon dioxide as hydrogen acceptor in the photochemical 
reaction (c/. page 536). We shall now desciibe attempts to induce 
plants to use other (inorganic or organic) substitute acceptors. 

. v; , 1. CMorophyll-Sensiti^^ 

Green plants are generally capable of assimilating nitrogen in the 
form of nitrates, in the dark, reducing them to derivatives of ammonia, 

* Bibliography, page 659. 
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g. amino acids and proteins. The reductants in this reaction are 
organic cell constituents, e, g.^ carbohydrates. The process is similar to 
respiration, with nitrate substituted for oxygen: 

(19.1) (HN 03 )aq. + 2 {CH 2 O! > 2 CO 2 + (NH,)aq. + H 2 O + 126 kcal 

Warburg and Negelein (1920) found that, in green algae (e. g,, 
Chlorella pyrenoidosa), the reduction of nitrate is accelerated by illumi- 
nation. These experiments were carried out in a mixture of nitric acid 
(0.01 mole per liter) and nitrate (0.1 mole per liter) to obtain a con- 
siderable concentration of neutral molecules HNOz^ which penetrate 
through the cell membranes much more easily than do the nitrate iom. 

Brought into such a solution, Chlorella cells produced in the dark, 
70% more carbon dioxide than they consumed oxygen, thus indicating 
the superposition of ''nitrate respiration'' (19.1) on the ordinary, or 
" oxygen respiration " of carbohydrates. The evolution of ammonia was, 
at first, less than equivalent to that of carbon dioxide, but approached 
equivalency after several hours, indicating an initial amination of cellular 
materials. (Cells starved of nitrogen develop no free ammonia at all in 
the first few hours of nitrate assimilation.) The nitrate reduction by 
Chlorella in the dark was exceptionally sensitive to cyanide — for example, 
a 20% reduction in rate was brought about by less than 10”“® mole per 
liter of HCN (as against 10~® for normal photosynthesis and 10“^ for 
respiration of the same algae). On the other hand, nitrate reduction 
was less sensitive than photosynthesis to urethan poisoning — e. g., 0.013% 
(= 0.8 X 10“"® mole per liter) phenylurethan reduced photosynthesis 
almost to zero, but decreased nitrate reduction by not more than 30%. 
The nitrate reduction required the presence of oxygen; under anaerobic 
conditions, nitrite appeared as a reduction product (in addition to am- 
monia) and acted as a poison, destroying chlorophyll and killing the 
cells. The nitrite production was not inhibited by cyanide. 

Light affected the nitrate reduction by Chlorella in two ways: in the 
first place, the evolution of carbon dioxide was gradually replaced, with 
increasing light intensity, by an evolution of oxygen; and in the second 
place, the total production of gas was increased by as much as a factor of 
five or ten. The production of an equivalent quantity of oxygen, instead 
of carbon dioxide, could be explained by the assumption that reaction 
(19.1) proceeds in light in the same way as in the dark, but that carbon 
dioxide, formed in this reaction, is consumed by photosynthesis, and thus 
converted into oxygen; but this hypothesis could not explain why much 
more oxygen is produced in light than carbon dioxide in the dark. This 
relationship can be interpreted in two ways. 

One way is to assume that reaction (19.1) is accelerated by light, thus 
producing more carbon dioxide, which is available for conversion into 
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oxygen by photosynthesis. This explanation was suggested by Warburg 
and Negelein, who thought that the acceleration of reaction (19.1) may 
be caused by an increase in the permeability of the cells to HNO 3 mole- 
cules in light; one could, however, also' think of (19.1) as a genuine 
photochemical reaction — a chlorophyll-sensitized oxidation-reduction re- 
action between an organic reductant and nitrate, analogous to the 
“photoreduction” of carbon dioxide by organic hydrogen donors in 
adapted algae and purple Athiorhodaceae. 

Another hypothesis, which leads to particularly interesting specula- 
tions, is that the photochemical reaction is the sensitized reduction of 
nitrate by water (and not by organic hydrogen donors), that is, a photo- 
synthesis with nitrate substituted for carbon dioxide as reductant: 

light 

(19.2) (HN03)aq. + H2O — (NH3)aq. + 2 O2 - 98 kcal 

According to this hypothesis, oxygen is produced directly by ^'nitrate 
photosynthesis,” and not indirectly, by a superposition of ordinary 
photosynthesis on light-stimulated “nitrate respiration.” Of course, 
reactions (19.1) and (19.2) may run concurrently, as two competitive 
processes — similar to the photoreduction of carbon dioxide by hydrogen 
and glucose (c/. Chapter 6, page 141). 

In the presence of phenylurethan, the rate of nitrate reduction in 
light remains undiminished, but pure carbon dioxide is liberated (as in 
the dark) instead of oxygen. One could suggest that this is an argument 
in support of the two-step mechanism of nitrate reduction. The first 
step, the light-stimulated nitrate respiration, may be as insensitive to 
urethan as the corresponding dark reaction (cf. above); while the second 
step is the urethan-inhibited ordinary photosynthesis. However, the 
effect of urethan can also be explained on the basis of direct “nitrate pho- 
tosynthesis ” by assuming that urethan inhibits the last, oxygen-liberating 
stage of reaction (19.2), and thus directs the process into an alternative 
channel in which the primary photochemical oxidation product (desig- 
nated by { OH} or Z in chapter 7) is reduced by available organic hydrogen 
donors, instead of liberating oxygen from water. In other words, 
urethan could convert “nitrate photosynthesis” into “nitrate photoxi- 
dation” in the same manner in which it converts ordinary photosynthesis 
into ordinary photoxidation (c/, Noack^s experiments described on page 
528). 

More detailed experiments, with specific inhibitors of the type of 
hydroxylamine, could help to analyze the mechanism of photochemical 
nitrate reduction and establish its relation to ordinary photosynthesis. 
Unfortunately, this subject has not received further attention since 1920, 
although it is certainly worth renewed study. It is not clear whether 
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observations on the effect of violet and ultraviolet light on the assimilation 
of nitrate by green plants (c/. Tottingham and Lease 1934) bear any 
relation to the photochemical nitrate reduction. 

Lovell (1938) thought that the increase in oxygen evolution by Elodea, which he 
observed upon the addition of potassium nitrate (but not of potassium chloride), was 
due to nitrate reduction. However, according to Warburg and Negelein, ^‘nitrate 
photosynthesis*' occurs only in strongly acid solutions; comparison of Lo veil's results 
with those of Pirson, described in chapter 13 (page 339 ), makes it probable that he ob- 
served merely a stimulation of normal photosynthesis by a removal of nitrate deficiency. 

Developing the hypothesis introduced on page 540, we may suggest 
that the photochemical reduction of nitrate (or other substitute oxidants) 
occurs whenever the concentration of the normal oxidants in the primary 
photochemical process, i. e., of the complex, {CO 2 } , or of the intermediate 
hydrogen acceptor, X (c/. Eq. 7.10a), becomes depleted (while that of 
substitute oxidants is high). It may be worth recalling in this connection 
that some autotrophic bacteria can substitute nitrate for oxygen in 
chemosynthevsis (cf. Chapter 5, pages 115 and 116). 

2, Reduction of Other Inorganic Oxidants 

In chapter 4 (section A), we described the interesting experiments 
of Hill on the chlorophyll-sensitized oxidation of w^ater by ferric salts 
in aqueous suspensions of chloroplasts. Fan, Stauffer, and Umbreit 
(1943) were able to obtain some oxygen also from suspensions of live 
Chlorella cells deprived of carbon dioxide but provided with ferric phos- 
phate or other ferric salts as oxidants. However, they were unable to 
prevent the back reaction (reoxidation of ferrous iron by oxygen) in the 
way used by Hill (L e., by reaction with ferricyanide), since the ferri- 
cjmnide itself was reduced by the cells* This caused the reduction of 
ferric phosphate to come to an early end. 

The so-called ‘'Molisch reaction'' (precipitation of silver from silmr 
nitrate in the chloroplasts) was described in chapters 10 (page 2/0) and 
14 (page 360). Gauteret (1934) noticed that this reaction is accelerated 
by light. This, too, may be an example of a chlorophyll-sensitized 
reduction m vivo (although it is doubtful whether water plays the part 
of reductant in this reaction). 

3. Reduction of Organic Oxidants 

Noack (1922) interpreted the occasional red coloration of green leaves 
as a Ghlorophyll-sensitized photochemical reduction of flavonols to 
anthocyanins. Similarly to photoxidation, this reaction occurs only when 
photosynthesis is inhibited, (e. 'gr,, by an excess of .sugars, or by the absence 
of carbon dioxide). 'v ^ 
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Fan, Stauffer, and Fmbreit ( 1943 ) carried out interesting experiments 
on the production of oxygen by Chlorella pyrenoidosa in ^the absence of 
carbon dioxide, but in the presence of various organic oxidants. In 
experiments analogous to those with ferric salts (c/. above), they obtained 
0.05-0.10 milliliter of oxygen by the addition, to illuminated C02-free 
suspensions of Chlorella cells (about 100 mg. dry weight), of acetaldehyde, 
benzaldehyde, parabanic acid, and nitrourea. It will be noted that all 
these compounds contain a carbonyl group. Similar experiments gave 
negative results with formaldehyde, butylaldehyde, dimethylglyoxime, 
cystine, alizarin, quinalizarin, methylene blue, urea, methylurea, cyanuric 
acid, allantoin, uracil, xanthine, alloxan, succinate, citrate, fumarate, 
lactate, acetate, malate, isocitrate, pyruvate, glucose, xylose, arabinose, 
hexose diphosphate, hexose monophosphate, or phospliogluconic acid. 

Quantitative studies of the photoreduction of carbonyl compounds by 
Chlorella cells were carried out with benzaldehyde as oxidant. To obtain 
a maximum amount of oxygen from a given quantity of benzaldehyde, 
it had to be added immediately after the start of illumination. It it was 
added earlier in the dark, some benzaldehyde was used up by a dark 
reaction. Since this nonphotochemical decomposition was accompanied 
by the release of an equivalent quantity of carbon dioxide, if carbonate 
was present (but not if it was absent), the authors interpreted it as a 
dismutation of benzaldehyde (into benzoic acid and benzyl alcohol), with 
benzoic acid liberating carbon dioxide from the carbonate. If benzalde- 
hyde is added immediately after the beginning of illumination, and the 
algae are young and in good condition, one molecule of oxygen can be 
obtained from two molecules of benzaldehyde, in accordance with the 
equation: 

(19.3) 2 CeHsCHO + 2 H 2 O 2 C 6 H 6 CH 2 OH + O 2 

If benzaldehyde is added later, after the illumination in absence of carbon 
dioxide has lasted for one-half hour or more, the oxygen yield is smaller. 
This could be caused by a photochemical accumulation of substances 
capable of reducing benzaldehyde (i. e., a substitution of H 2 R for H 2 O in 
reaction 19.3). In older cell suspensions, the quantity of liberated 
oxygen is further reduced— apparently, by a continuation, in light, of the 
nonphotochemical dismutation of benzaldehyde into benzyl alcohol and 
benzoic acid. 

As always in ^^photosynthesis with substitute oxidants,^’ the question 
arises whether benzaldehyde is used as such, or is first oxidized to carbon 
dioxide. The authors considered the latter alternative as improbable, 
because they were unable to /‘catch” any carbon dioxide by alkali. 
The amount of liberated oxygen was unaffected by the presence of 
potassium hydroxyde. The maximum observed rate of oxygen produc- 
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tion from benzaldehyde was equal to about one-tenth the maximum rate 
of normal photosynthesis. The “photosynthesis with substitute oxi- 
dants” is thus about as efficient as the “photosynthesis with substitute 
reductants” as carried out by hydrogen-adapted algae (c/. Chapter 6). 

C. Mechanism op Sensitization in vivo * 

We have now reviewed all photochemical reactions sensitized by 
chlorophyll and bacteriochlorophyll in vivo (cf. Table 19.1). If we 

Table 19.1 


Reactions Sensitized by Chlorophyll in vivo 


Designation 

Hydrogen acceptor 

Hydrogen donor (R ~ organic radical) 

Photosynthesis 

CO2 

H2O 

“Photoreduction ” 

CO2 

H., H2S, HgE, H&Os, etc. 

‘ ^ Photautoxidation ^ ’ 

O2 

H2R 

Nitrate reduction 

HNOs 

H2O or H2R 

Aldehyde reduction 

CeHsCHO etc. 

H2O (or H2R?) 

Photochemical liberation of 
hydrogen 

(atmosphere) 

H2R 


consider photosynthesis as the ‘^normar^ photochemical reaction in 
green plants, the other processes in the table can be attributed to the 
replacement of one (or both) of the normal reaction components (CO 2 
and H 2 O) by “substitute oxidants or “substitute reductants/^ 

Table 19.1 does not contain the combination “oxygen as oxidant 
and water as reductant/' Of course, the net chemical result of this 
“autoxidation of water would be zero; but it could perhaps be detected 
by isotopic indicators. It would be interesting to find out whether this 
reaction actually proceeds under certain conditions (e. <7., in C02-starved 
leaves). Its yield may perhaps be much larger than that of the pliotoxi- 
dation of organic hydrogen donors, which is responsible for the net 
chemical change (consumption of oxygen). 

Hypothesis of a Common Primary Process in All 
Chlorophyll-Sensitized Reactions in vivo 

The interpretation of photoreduction, photoxidation and nitrate 
reduction as “photosynthesis with substitute ' oxidants ' or reductants^' 
leads to the working hypothesis that the primary photochemical process 
is the same in all these reactions, and that .their different final results are 
due to secondary transformations of the same primary products. 


Bibliography, page 660. 
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As discussed in chapter 7, the primary process in photosynthesis may 
involve one of the ultimate reaction components, {CO 2 } or [H 2 O}, or 
two intermediates, e. HZ and X, as in equation (7.10a). If the first 
assumption is correct, the substitute reductants (or oxidants) may 
interfere a/^gr the first photochemical reduction of {CO2} (or the first 
photochemical oxidation of {H2O}), but before the conversion of the 
products of these photochemical reactions into the final products, { CH 2 O} 
or O2 (e. g.f the first oxidation product, {OH}, may react with the sub- 
stitute reductants — H2, H2S, etc. — ^before being converted into free 
oxygen; cf. Gaffron 1944). The mechanism of action of substitute 
reductants and oxidants appears even simpler if the primary process is 
of the type (7.10a), that is, if it produces an oxidized intermediate 
catalyst, Z, and a reduced intermediate catalyst, HX. In this case, we 
have merely to assume that these intermediates can, under suitable 
conditions, react further with O2 or HNO3 instead of CO2, and with H2, 
H2R, or H2S, instead of H2O, respectively. 

Hm X Z — H2S, etc. 

Scheme 19.L — Chlorophyll-sensitized reactions in vivo. 

Arrows in scheme 19.1 represent hydrogen transfer. This scheme is 
closely related to schemes 6.III and 9.V. 

In the latter, an intermediate, Y, was assumed between Z and X, and X was identi- 
fied with the hydrogen acceptor in the hydrogenase system, Ah; this led to a closed 
“hydrogen cycle and thus permitted an explanation of the photochemical liberation 
of hydrogen in adapted algae, and of the coupling of the oxyhydrogen reaction with 
the reduction of carbon dioxide. 

2. Association of Chlorophyll with the Sensitization Substrates; 

Fluorescence and Sensitization Yields in vitro and in vivo 

We recall the eight possibilities of sensitization, derived in chapter 18 
from the three alternatives: free sensitizer, A, or sensitizer associated 
with the substrate, B; physical energy transfer, a, or participation of the 
sensitizer in the chemical reaction, qS; and primary interaction with the 
oxidant, i, or with the reductant, We also recall the complications 
arising from a possible preliminary transformation of the sensitizer into 
a long-lived active form (by tautomerization, dismutation, or a revex'sible 
reaction with the solvent). The same possibilities must also be taken 
into account in the analysis of the primary process of sensitization by 
chlorophyll m 
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(19.4a) 


(19.4b) 


'ChP 


CM* 



Chl<- 
hv I 


1 

chr 




oChl 

A 

oA + Chi 


Chi 


tChl- 


kC 


+0, 


oChl 
+A 


X J L m 

The state on the right side of equation (19.4b) may be the 'Tong-lived 
activated state” in vivo. This state is formed, in the living cell, more 
rapidly than the corresponding state in vitro (as witnessed by the ten 
times lower yield of fluorescence) ; but it is also more rapidly destroyed 
by back reactions (as witnessed by the much higher concentration of 
oxygen required for efficient photoxidation in 
vivo as compared with solutions; cf. page 530). 
Both these differences can be interpreted as 
consequences of the association of the pigment 
in vivo with the photosensitive components be- 
fore the primary process and with the products 
of their transformation after this process. They 
can thus be quoted as arguments in favor of the 
association hypothesis. 

We may use schemes 19.11 and 19. Ill to for- 
mulate more precisely the influence of oxygen on 
fluorescence and sensitization by chlorophyll 
in vitro and in vivo. 

Scheme 19.11 represents the probable condi- 
tions in vitro (fct in this scheme may refer to 
tautomerization or to a reversible reaction with the solvent). The quan- 
tum yield of fluorescence, according to scheme 19.11, is (c/. Rabinowitch 
1941): 

( 19 . 5 ) V. 01 . = fc, + (fc. + fc„[Chl] + kt) + A*[Oa] “ ki + k + fcJCOj] 

where kt is the rate of fluorescence and h + fcc[Chl] that of self-quenching 
(not shown in scheme 19.11). (The two terms correspond to internal 
energy dissipation in the solvated chlorophyll molecule and to collisions 
with other chlorophyll molecules; cf. Weiss and Weil-Malherbe 1944 ). 

The quantum yield of oxidation of Chi to oChl (which in presence of a 
"saturating” quantity of acceptor may be considered as the rate-de- 
termining step in sensitized autoxidation) is: 

(19 6) -v , — _j_ fcp EQal 


oA + Chi 

Scheme 19.11. — Fluo- 
rescence and sensitized 
autoxidation in chloro- 
phyll solutions. 


Tsoi. 




kt + k + k*iOi2 *‘oCOj] + ki^k, + k + ktl0,2 
If, at [O 2 ] = 10-1000 mm., feoCOsl is > k, the fluorescence yield, 
must depend on oxygen pressure in this range; and if fcoC 02 ] is 
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the oxidation yield, y, will be practically independent of the partial 
pressure of oxygen: 

' kt + h + k*lO,2 k,+k 

At the low [Chi] values, fc ~ and since kt<k,y must approach 1 (still 
assuming that A is present in excess). These are the conditions encoun- 
tered in the study of the chlorophyll-sensitized autoxidation of amines 
in vitro (cf. pages 509, 613 and 518-520). 

In vivo, on the other hand, we may postulate the sequence of reactions 
represented in scheme 19.III. 


-{HX-Chl-Z} 


5^{xChlH2} 

{x>Chf>HZ} 


{xChlHZ} 




^ ^ ^ 
{x*Chl*Z} +^HaO 


4.A 


{x-CW*HZ}f oA 

Scheme 19.III. — Fluorescence and 
sensitized autoxidation by chlorophyll 
in the living cell. 

Scheme 19. Ill* gives, for the quantum 3 deld of fluorescence: 
— independent of [O 2 ] — and for the yield of sensitization: 


h 


klLOH 


kf + kt ‘ 4CO2] d- kl 

—proportional to [O 2 ], if H ^ fco[02]. Equation (19.8) is based on 
the assumption that the intermediate forms, {HXChlZ} and f XChIZ}, 
do not accumulate, during the illumination, in quantities commensurate 
with those of the basic form, { XChlHZ } , and thus do not participate in 
light absorption. If this condition is fiot fulfilled, the contribution of 
the intermediate forms to fluorescence must be taken into consideration, 
(as will be done in volume II, chapter 24). This contribution^ can be 
considerable because the intermediate forms are not subject to chemi- 
caP^ quenching by reaction (19.4b). This explains, among other things, 
why oxygen sometimes enhauces instead of quenching the fluorescence 
of chlorophyll in vivo— it transforms the short-lived intermediate, 
^ Seif-quenching by internal conversion (rate kO not shown in scheme WILL 
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{HXCMZ], which can be converted into {XChlHZ} by a monomolecular 
back reaction, into the oxidized intermediate, .{XClilZ}, which requires, 
for the regeneration of the normal form, a bimolecular reaction with the 
reductant A, and therefore has a comparatively long life. Scheme 19.III 
could be simplified by assuming HZ = Chi (c/. pages 551 et seq.); but in 
the present discussion we prefer to keep the question of the chemical 
participation of chlorophyll in the primary photochemical process open. 

3, Problem of the Chemical Participation of Chlorophyll 
in the Primary Process 

In chapter 18, we considered the energy transfer mechanisms (desig- 
nated on page 514 as mechanisms of type a) as improbable (except for, 
the case of substrates whose absorption bands overlap with those of the 
sensitizer— as in the case of the chlorophyll-sensitized reduction of azo 
dyes, or of the carotenoid-sensitized fluorescence of chlorophyll), and 
have analyzed mainly mechanisms of type jS, in which the sensitizer was 
assumed to enter into reversible oxidation-reduction reactions. All 
reductants and oxidants in table 19.1 are colorless, and therefore unlikely 
to take over the excitation energy from chlorophyll in kinetic encounters. 

However, the improbability of energy transfer from chlorophyll to a 
colorless substrate becomes less definite if we consider this substrate is a 
part of the same complex. 

X 


It seems possible that in a complex, < Chi 


>, the excitation of 


HZ, 


chlorophyll could cause a hydrogen (or electron) to be transferred from 
HZ to X (as represented in scheme 19.III), leaving chlorophyll itself 
unchanged. This process can be classified as an energy transfer as 
far as the role of chlorophyll is concerned (even though the acceptor 
uses this energy for a chemical transformation rather than for an elec- 
tronic excitation). 

Although such a ^^physicah^ mechanism of sensitization by chlorophyll 
ill vivo cannot be entirely excluded, we are inclined to think that, in 
the living cell, too, mechanisms of type jS, which involve a ^^chemicaF^ 
participation of chlorophyll in the primary reaction, are more probable. 
However, we must admit that no direct proof of this hypothesis has as yet 
been secured, even though the alternative, ^'physical sensitizer or 
“chemical photocatalyst,’’ has been argued back and forth in the litera- 
ture on photosynthesis, for, now, well over fifty years. 

The two opposing points of view were first formulated by Timiriazev 
in 1885 and Reinke in 1886. Timiriazev . (1885. 1904) suggested that 
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Table 19.11 
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==========^^ 
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Cbl, per cent o 

f fresh weight 

Plant 
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illumination, 
hrs. 

Ten^.. 

Before 

After 

Prunus IcLUfOcerdSus 

22 1 

1 30 

30 

1 0.094 

0.092 

0.095 

0.091 

Hydrangea opulodes 

Pelargonium zonale 

6 

6 

40 

1 0.125 

0.128 
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by Timiriazev)^ but should be restored to its original value immediately 
after the cessation of illumination. In other words, chlorophyll in 
plants should behave in the same way as dissolved chlorophyll did in 
the experiments of Porret and Rabinowitch and of Livingston, described 
in chapter 18 (pages 486 et seq.). 

As stated previously, the extent of such reversible changes in illumi- 
nated systems depends on the relative rates of two reactions — the one 
causing the change, and the other restoring the original state. 

If chlorophyll is changed reversibly during photosynthesis, the 
quantum yield of its change must be at least equal to that of photo- 
synthesis, that is, it must approach unity at low light intensities, and 
decline to about 0.1 in strong light. In direct sunlight, each chlorophyll 
molecule may absorb light ten times each second, and thus must be 
changed at least once in a second. Assuming that it stays in the changed 
state for r seconds before being restored by a back reaction, the proportion 
of changed molecules present in the stationary state will be r (as long as 
r<5Cl second). If the back reaction is nonphotochemical, r can have 
almost any value imaginable, depending on the concentration of the 
molecules participating in the back reaction and on its energy of activa- 
tion. If r is very small, {e. g., < 0.001 second), it is quite possible for 
chlorophyll molecules to be chemically changed every time they initiate 
photosynthesis, and to be restored to the original state with such prompt- 
ness that only one chlorophyll molecule in a thousand or more will be 
present in the changed (and probably discolored) state at any time, even 
in the most intense light. 

We have deduced, on page 546, from the concentration dependence 
of the rate of photoxidation, that the lifetime of the ^Uong-lived'^ activa- 
tion state of chlorophyll in vivo is much shorter than in organic solutions. 
Thus, the reversible bleaching of chlorophyll in vivo is likely to be much 
weaker than the effects observed by Porret and Rabinowitch and by 
Livingston in chlorophyll solutions in methanol. 

^/The situation changes if we assume that the back reaction too is 
photochemical, L e., that chlorophyll uses photons, first for a (direct or 
indirect) reduction of [CO 2 } (oxidizing itself in this process), and then 
in the oxidized state, for a (direct or indirect) oxidation of water and its 
own reduction (as was assumed in the theory of Franck and Herzfeld 
1941). Under these conditions, a stationary state of photosynthesis can 
be maintained only if the two photochemical reactions proceed with 
equal velocity. If we assume that the two modifications of chlorophyll 
are (about) equally intensely colored, and react with (approximately) 
the same quantum yield, an equality of the two reaction rates is only 
possible if the two forms are present, in the stationary state, in approxi- 
mately equal quantities. 
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Two alternative pictures of the chemical participation of chlorophyll 
in photosynthesis emerge from this discussion. In the first ^picture, 
chlorophyll is bleached— or strongly changed in color— in the photo- 
chemical forward reaction, and is restored by a therMcil buck Tcuctiou so 
rapidly that no visible decolorization takes place in the stationary state 
of photosynthesis. In the second picture, the color of chlorophyll is not 
strongly changed by its photochemical transformation; the product of 
this transformation may therefore accumulate, during photosynthesis, 
until its concentration is about equal to that of the original form, without 
changing the coloration of the cells; and the restoration of chlorophyll 
may be achieved by a photochemical back reaction, 

A choice between these two possibilities could be facilitated by a 
closer investigation of the pigment spectrum during photosynthesis. 
Visual observation is insufficient, because the eye is a poor instriimeiit 
for the estimation of extinction curves; it would hardly notice the dis- 
appearance of even 20% of the pigment, not to speak of a mere shift in 
the position of the absorption bands. The parallel alignment of chloro- 
plasts in strong light was found by Schanderl and Kaempfert to increase 
considerably the transmissivity of leaves (Chapter 22, Vol. II); and the 
same authors have reported that leaves often grow more opaque during 
prolonged illumination because of the deposition of assimilates. These 
changes would hardly ever be noticed by a mere visual observation of 
the leaves. 

In the first of the two pictures mentioned above, the photochemical 
forward reaction may be either an oxidation or a reduction of chlorophyll; 
thus, we can classify the theories of the chemical function of chlorophyll 
in photosynthesis in the following three groups (the first two of which 
correspond to the mechanisms designated as and in chapter 18, 
page 514): 

(a) Photochemical oxidation of chlorophyll to a decolorizjed form; 
nonphotochemical reduction; in this case, chlorophyll can be identifieci 
with the primary reductant, HZ, in scheme 7.1. 

(b) Photochemical reduction of chlorophyll to a decolorized form; 
nonphotochemical reoxidation; in this case, chlorophyll can be identified 
with the primary oxidant, X, in scheme 7.1 ('decolorized” may mean 
merely a form whose color is irrelevant for its transformation back into 
chlorophyll). 

(c) Photochemical oxidation and photochemical reduction (in this case, 
both the oxidized and the reduced form must be green). Chlorophyll 
can be identified with the intermediary oxidation-reduction system, Y, 
in scheme 7.1. ■ In ease (c), the extracted chlorophyll may represent 
either the oxidized or the reduced form. 
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Theories belonging to all these groups have been suggested by different 
authors. 

(a) Photochemical Oxidation, Nonphotochemical Reduction of Chlorophyll 

Weigert (1923) postulated that the primary photocliemical process in photo- 
synthesis is an electron transfer from chlorophyll to water, followed by the oxidation of 
water by oxidized chlorophyll and reduction of carbon dioxide by reduced water: 


(19.10a) ChP + H 2 O > Chl+ ( = oChl) + HaO" 

(19.10b) Ghl+ + OH- ^ Chi + OH ( O 2 ) 

(19-lOc) H 2 O- + CO 2 > H 2 O + C02“ ( > carbohydrates) 

(19.10) OH- -f CO 2 > C02'” -h OH ( — > carbohydrates + oxygen) 

Our four quanta schemes (7.7) and (7.10), and the eight quanta 
schemes (7.14) and (9.10), can be classified as “primary chlorophyll 
oxidation schemes’^ if one identifies the reductant, HZ (or HX), with 
chlorophyll, and thus writes, for example, instead of (7.10a) : 

ht^ hv 

(19.11) Chl + X i-oChl + HX or {ChlX} ^ {oChlHX;! 

where oCH may stand for a “monodehydrochlorophyll.” 

One is free to speculate about the possible role in this one-step oxidation of the 
*qone^' hydrogen atom in position 10 (cf. Stoll 1932, 1936), or of the ^‘extra’^ hydrogen 
atoms in positions 7 and 8. 

We can use the elementary photochemical process (19.11) to rewrite 
the various mechanisms of photosynthesis and photoxidation suggested 
in chapters 7, 9, and 18 with chlorophyll as the primary photoreductant. 
For example, the steps a, b, d and g in equation system (9.10), which 
represented photosynthesis according to the theory of “energy dismu- 
tation,^' become: 

Shv 

(19.12a) 8{ChlY} J^{8oChlHY} 


(19.12h) 


(19.12d) 


(1912g) 


8 (oChlHY} ■ 


^4H2Y + 8oChl 


8H2X-b4oChl- 


> 4 Chi + 4 HX 


4oChl + 4H20' 


^ 4 Chi + O 2 + 2 H 2 O 


The mechanism of photoxidation in vivo, represented by scheme 9.III, 
becomes, with HZ = Chi: 


(19.13a) 

(19,13b) 

(19.13c) 


{ChlX! — > {oChlHX! 

{oChiHX} + i02— — > {oChlX! + iH20 
{oChlX} 4- A - -; ' ) oA 4- iChlX] 


A + i O 2 


0A + 4H2G 
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One objection can be raised to meohamsm (19.13). Reaction (19.13e) 
appears to be tlie same by which substitute reductants^^ replace water 
in the photosynthesis of bacteria and anaerobically adapted algae. If 
this reaction can occur in all green plants (that is, if it does not need the 
intermediary of an hydrogenase), why should all of them not be able to 
reduce carbon dioxide at the cost of cellular or added organic hydrogen 
donors, that is, to carry out ^^photoreduction” with organic reductants 
instead of photosynthesis? (This question was asked once before in 
chapter 6, page 145.) The answer may be that photoreduction is 
possible, but that in photos3mthetically active plants, the probability 
that oChl will react with water is so much higher than that it will react 
with another hydrogen donor (A in 19.13c, H 2 R in Scheme 6.III) that 
the last-named reaction remains unnoticed. In photoxidation, on the 
other hand, only the small fraction of oChl molecules which react with 
A produce a net chemical change, since (as mentioned on page 543) the 
reaction of oChl with H 2 O: 

(19.14) foChlXl 1 H 2 O ^ {ChK} + O 2 ^ 

merely compensates for an equal amount of oxygen which is consumed 
by the reoxidation of the intermediate HX by oxygen according to 
(19.13b). 

Thus^ photoxidation in vivo may represent a small irreversible residue 
of a reversible photochemical process j which may be described as photo-’ 
synthesis running in a circle^ ^ (because of the substitution of oxygen for 
carbon dioxide as the final oxidant). The residual effect is caused by 
the substitution of a small proportion of oxidizable cellular substrates for 
water as final reductants (compare Scheme 19.1). 

Since photoxidation occurs also in boiled leaves, reactions (19.13b) 
and (19.13c) must be catalyzed by heat-resistant catalysts of low mo- 
lecular weight, rather than by true enzymes (c/. Noack 1925, 192G). 

(5) Photochemical Reduction^ Nonphotochemical Reoxidation of Chlorophyll 

This alternative was suggested by Conant (cf. Conant, Dietz, and Kamorling 
1931), who thought that extracted chlorophyll is the reduced form of the catalyst. 
It oxidizes itself in air by forming allomerized chlorophyll Conant suggested that, 
in vivo, it could be oxidized by a thermal reaction with carbon dioxide and reduced by a 
photochemical reaction with water, (Thus, the photochemically active form was 
supposed to be identical with allomerized chlorophyll) 

Willstatter (1933) suggested that chlorophyU (H 2 R) is first oxidized by oxygen to 
a radical, *‘monodehydrochlorophyir' (HR), thus accounting for the alleged necessity 
of oxygen for photosynthesis {cf. Chapter 13, page 326); it then reduces carbon dioxide 
by a thermal reaction, being itself converted into a “ didehydrochlorophyll/' II. (This 
mechanism bears a certain similarity to the “energy dismutation’' defined on page 165.) 
Finally, R oxidizes water by a photochemical reaction and is itself reduced, first to 
HE, and then tcHaR- , 
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(c) Photochemical Oxidation and Photochemical Reduction of Chlorophyll 
The earliest variations of this theory assumed an interconversion of 
chlorophylls a and b. When Willstatter and Stoll (1913) found that 
chlorophyll b contains one oxygen atom more (and two hydrogen atoms 
less) than chlorophyll a, they conceived the idea that, in the course of 
photosynthesis, chlorophyll a may be oxidized to b (by reducing carbon 
ioxide) and then reduced again (by oxidizing water). This prompted 
them to search for changes in the ratio [a] : [6] during intense photo- 
synthesis. No such changes were found; and Willstatter and Stoll 

considered this as a decisive argument against the theory of an a - a h 

transformation in photosynthesis. This is not necessarily so, since the 
equilibrium may be rapidly re-established in the dark (cf. page 550). 
However, no simple way has been found to oxidize chlorophyll a to 
chlorophyll b in vitro {cf. Stoll and Wiedemann, page 466). Furthermore, 
as discussed on pages 405 et seq., colored algae {Phaeophyceae, Rhodo- 
phyceae, Diatomeae and Cyanophyceae) — i. e., the vast majority of photo- 
synthesizing organisms — contain no chlorophyll 6; this certainly speaks 
against a chemical equihbrium involving the two forms. 

Although abandoned by Willstatter and Stoll (1918), the hypothesis of a reversible 
a r"'"''" ' h transformation has been revived by Dixon and Bali (1922), who postulated 
that chlorophyll a, by photochemically reducing carbon dioxide, is converted into 
chlorophyll h, 

light 

(19.15) RCHa + CO 2 > ECHO + H 2 CO 

(Chi a) (Chi 6) 

Chlorophyll h oxidizes water, also photochemically, and is thus restored to chlorophyll a: 

light 

(19.15) ECHO + H 2 O > ECHs + O 2 

(Chi 6) (Chi a) 

In a different (and highly implausible) form, the a v-' ^ 6 conversion hypothesis 

was again presented by Baly and Morgan (1934) and Baly (1935, 1941). They assumed 
the following two reactions (EHa = Chi o; RO = CHI h ) ; 

hv hv 

(19,16a) i EH 2 CO 2 } > { EOCH 2 O } EO + CH 2 O 

(blue) (red) 

(19.16b) EO H- carotene > EH 2 + xanthophyll 

Reaction (19.16a) was assumed to proceed in two photochemical steps — the first leading 
to a complex (ChlbCH20) and the second liberating free CH 2 O. The first step was 
assumed to require a quantum of blue light, the second a quantum of red light. Reaction 
(19.16b) was considered to be a dark reaction (Blackman reaction). 

Balyas scheme ignores the fact that photosynthesis involves not only a reduction 
of carbon dioxide, but also a liberation of oxygen from water. (Neglect of this point 
is conspicuous also in Balyas experiments on artificial photosynthesis, pages 85 d seg_.), 
and stops at the formation of formaldehyde and xanthophyll from carbon dioxide and 
carotene. Furthermore, Baly ignores the elementary fact that photosynthesis can 
proceed in pure blue light as well as in pure red light. 
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Ruben, Frenkel, and Kamen (1942) intended to check the a v=======i 5 transformation 

theory by means of radioactive magnesium, basing their method on the more rapid 
^'pheophytization’’ of chlorophyll a, found in experiments in vitro (cf. page 467). They 
hoped to be able to introduce selectively into chlorophyll a in vivo and then to 
investigate the conversion of this ‘‘tagged” chlorophyll a into chlorophyll h during 
photosynthesis. However, no measurable exchange of magnesium in chlorophyll in 
vivo -with Mg^NOs could be obtained in the short time available, so that the puipose 
of the investigation has remained unfulfilled. 

Most recent theories of photosynthesis, which assumed a photo- 
chemical oxidation and photochemical reduction of chlorophyll, have 
renounced any distinction between the functions of the chlorophylls a 
and 6. 

Stoll (1932) suggested that chlorophyll can lose reversibly two 
hydrogen atoms, by a process analogous to allomerization (which Stoll 
and Wiedemann thought they had succeeded in reversing, at least in 
the case of chlorophyll 6, cf. page 462). Since allomerized chlorophyll 
has the same color as the nonallomerized product, a half-and-half distri- 
bution of chlorophyll between the ordinary and allomerized form could 
take place in vivo without becoming apparent to the eye. The oxidized 
(allomerized) form was thought by Stoll to be able to oxidize water 
photochemically, while the reduced (nonallomerized) form was assumed 
to be able to reduce carbon dioxide, also by a photochemical reaction. 

Using suggestions made by Franck in 1935, Stoll (1936) later sub- 
stituted for his first concept the theory of an hydrogen-hydroxyl exchange 
in chlorophyll; in this theory, too, both the oxidation of chlorophyll to 
an hydroxychlorophyll (perhaps by an exchange of the hydrogen atom 
in position 10 for an hydroxyl radical, leading to the 10-hydroxychloro- 
phyll mentioned on page 461), and the reduction of the latter back to 
ordinary chlorophyll were supposed to be photochemical processes. 

The most recent (third) theory of Franck and Herzfeld (1941), 
described by equations (7.12) and scheme 7.VA (with X now standing for 
oxidized chlorophyll, and HX for reduced chlorophyll) represented a 
return to StolFs earlier picture. In this theory, chlorophyll was supposed 
to oscillate during photosynthesis between the two green forms designated 
by Franck as Chi and HChl, respectively, one of them being active in 
the photochemical oxidation of water and the other, in the photochemical 
reduction of carbon dioxide. 

The eight quanta mechanism (7.11), too, can be formulated with 
chlorophyll as photocatalyst — by identifying Y with Ghl and. HY with 
HCliI.. ' 

It is scarcely necessary to rewrite here equation systems (7.11) and 
(7.12) or schemes (7.V) and (7.VA) in order to illustrate these concepts. 

Of the three types of theories we have reviewed, those of type (b) 
are least plausible — -since we have no experimental evidence indicating 
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the capacity of chlorophyll for reversible reduction. Thus we must 
make our choice between schemes of the type (a) or (c) — e. g./ between 
the energy dismutation theory (9.10) (in the form 19.12, in which HZ is 
identified with chlorophyll), and the Franck-Herzfeld mechanism 7.VA 
(or its less specific prototype, 7.V). 

Reversible oxidation of chlorophyll to a decolorized form (which tends to 
support theories of type a), as well as the occurrence of chlorophyll in two 
inierconvertiUe green forms belonging to two different levels of oxidation 
(which, if definitely established, would provide strong support for theories 
of type c), were both discussed in chapter 16 (pp. 456 et seq.). '"'''Wt 
recall that the experiments of Rabino witch and Weiss (1937) have indi- 
cated that chlorophyll is reversibly oxidizable to a decolorized compound 
(“oxychlorophyirO? and that its oxidation can be brought about by a 
photochemical reaction (page 488). However, several objections stand 
in the way of an identification of the yellow '^oxychlorophyir' of Eabino- 
witch and Weiss with oChl in equation (19.11) : for instance, the instability 
of ‘^oxychlorophyir^ (which is irreversibly changed by illumination with 
blue-violet light, by contact with water, and even by standing for more 
than a few minutes). However, conditions in the living cell may be 
such as to stabilize the oxidized form, or to make its instability less 
dangerous, by providing for a rapid return into the reduced colored state 
of all oGhl molecules not used for the evolution of oxygen. (It was sug- 
gested on page 546 that the reversal of the primary photochemical process, 

e. g.j by reaction {oChlHX} {ChlX}, is very rapid in the living 

cell, because the two products remain linked in a complex.) \ 

As to the existence of two interconvertible green forms of chlorophyll, 
our discussion in chapter 16 indicated several possible systems of this 
type, e. g., chlorophyll and protochlorophyll (7,8-didehydrochlorophyIl), 
chlorophyll and dihydrochlorophyll (2-vinyl-bacteriochlorophyll), chloro- 
phyll and 10-monodehydrochlorophyll (or 10-hydroxychlorophyll), and 
chlorophyll a and chlorophyll b. However, a reversible photochemical 
interconversion has yet to be demonstrated for any of these pairs. 

It may be useful to reflect on the thermodynamic properties which 
the chlorophyll system should possess in order to fulfill the functions 
assigned to it in theories of types a and c. “^In the first case, its oxidized 
form is called upon to oxidize water by a thermal reaction (directly or 
indirectly); thus, its normal potential must be exceptionally negative 
(^ — 0.8 volt), which is not impossible for a free radical (c/. page 232). 
In the second case, the reduced form of chlorophyll is required to reduce 
carbon dioxide (directly or indirectly) in the dark, which calls for an 
exceptionally positive potential (> 0.4 volt). In case c, the oxidation- 

reduction potential of chlorophyll could lie in the middle between these 
two extremes. 
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addition, however, both the carotenoids and the phycobilins appear 
to contribute to the sensitization of photosynthesis. Proofs of this 
assertion are based on the analysis of the relation between wave length, 
light absorption, and yield of photosynthesis, which will be discussed in 
volume II, chapters 22 and 30. 

The fact that in no case have carotenoids or phycobilins been found 
able to produce photosynthesis without chlorophyll supports the view- 
first expressed by Engelmann as long as 60 years ago (1884, 1887)— that 
accessory pigments do not participate directly in the oxidation-reduction 
process, but transfer their excitation energy to chlorophyll. As stated 
on page 515, this ^^physical” mechanism appears much more plausible 
in the case of energy transfer between two dyes with overlapping ab- 
sorption bands than in the case of a transfer from a pigment to a colorless 
substrate. The carotenoid-sendtized fluorescence of chlorophyll in green 
algae and diatoms {cf. Vol. II, Chapter 24) provides a direct demonstra- 
tion of the occurrence of the process: 

(19.17) D* -j- Chi > Chi* + D 

(D = carotenoid dye). As suggested previously, the extension of these 
experiments to phycobilin-carrying red and blue algae would be of 
considerable interest because, in these organisms, the red or blue pigments 
must provide the largest part of the energy used for photosynthesis. 
Furthermore, the structural similarity between phycobilins and chloro- 
phylls makes a chemical substitution of the former for the latter as the 
photocatalysts in photosynthesis more plausible than a similar replace- 
ment of chlorophyll by the cai-otenoids. 
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Chapter 20 

PHOTOSYNTHESIS AND RESPIRATION * 

We have discussed, in the preceding chapters, the chemical mecha- 
nisms of photosynthesis and other photochemical processes sensitized by 
chlorophyll in the living cell, in the assumption that these processes occur 
in a separate catalytic apparatus and are essentially independent of the 
other metabolic activities of the organism. This assumption forms the 
basis of the quantitative study of photosynthesis, and it will be the 
subject of a critical discussion in volume II, chapter 26, which will form 
an introduction to the treatment of the kinetics of photosynthesis. 

However, the same cells which engage in photosynthesis, also partici- 
pate in many other metabolic activities, e. g., fat synthesis and protein 
synthesis, as well as various degradation processes; and all these processes 
interfere, directly or indirectly, with the working of the photosynthetic 
mechanism. Even inside the chloroplasts, photosynthesis is only one of 
several simultaneous reactions which include, for instance, the poly- 
merization and depolymerization of sugars, as well as the ubiquitous 
respiration, which takes place, with varying intensity, in all cells, tissues, 
and organs of a living organism. 

Usually, respiration is mentioned in the investigations of photo- 
synthesis only as a bothersome source of uncertainty. Since the net 
result of respiration is the reversal of photosynthesis, all measurements 
of the later process must be corrected for respiration. The difficulty 
of determining this correction was first mentioned in chapter 3 (page 32), 
and found particularly irksome in chapter 10 (pages 264 et seg.) when w e 
tried to clarify the function of hydroxy acids in the photosynthesis of 
succulents, and in chapter 1% (Section A) when the interplay of photo- 
synthesis and respiration discovered to be further complicated by 
the superposition of a third p8)cess — photautoxidation. 

Despite the difficulty of a simultaneous determination of respiration 
and photosynthesis, the relationship between these two processes could 
be considered as merely incidental if it were not for some observations 
which appear to indicate the existence of a more intimate connectfon 
between the two catalytic mechanisnasa we refer to the cyanide-resistant 
residual photosynthesis, described in chapter 12 (page 302) and the 
carotenoid-stimulated respiration, which will be discussed fuither e ov. 

* Bibliography, page 670. 
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Although the nature of the links between the photosynthetic and the 
respiratory apparatus is as yet quite uncertain, they will undoubtedly 
be subject to closer study in the future. We have therefore assembled, 
in the present chapter, some experimental material pertaining to the 
relation between respiration and photosynthesis, even though a large 
part of this material may later prove to be irrelevant. For a more 
complete, but rather indiscriminate, collection of results pertaining to the 
relation between light and respiration in plants, we refer to the review by 
l|^eintraub (1944). 

L Effect of Respiration on Photosynthesis 

'I Does e nhan ced respiration bring about enhanced photosynthesis? 
Does inhibited respiration cause an inhibition of photosynthesis? The 
answer to both questions seems to be in the negative, although the 
conclusion is by no means final. 

Respiration can be enhanced, for example, by an external supply of 
appropriate substrates; van der P aauw (1932) found that the photo- 
synthesis di 11 or rnidimn also is increased markedly in a 1% glucose 
solution. Gaffron (1939) stated, to the contrary, that ^innumerable 
experiments'^ have provided no convincing evidence of a stimulating 
effect of this kind. It may be worth mentioning, in this connection, 
that, according to Emerson (1927), the additional respiration of Chlorella^ 
caused by glucose feeding, is much more sensitive to cyanide than ordi- 
nary respiration. This is perhaps an indication that the mechanism of 
glucose-supported respiration in Chlorella is different from that of the 
normal I’espiration — either in its location (in the outermost layers of 
the cytoplasm) or in its catalytic mechanism. In either case, the relation 
of the extra" respiration to photosynthesis may be different from that 
of normal respiration. 

The respiration of certain algae (e. p., Scenedesmus D3) can be reduced 
by 85% by cyanide without measurably affecting the rate of photo- 
synthesis (c/. page 305). Gaffron (1937) pointed to this result as an 
argument in favor of essential independence of respiration and photo- 
synthesis. 

Spoehr and McGee (1923), ^vho observed that leaves kept for a long 
period in the dark lost their capacity for both photosynthesis and respi- 
ration, saw in this. fact;a proof that the two processes are interrelated. 
However, a direct influence of respiration on photosynthesis can hardly 
be deduced from the mere fact of their simultaneous disappearance in 
starved tissues. 

In chapter 13, we described' the inhibition of photosynthesis after a 
period of '^'anaerobic incubation." This could be quoted as a proof that 
inhibition of respiration brings about, sooner or later, also an inhibition 
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of photosynthesis. liowever, according to Gaffron (c/. Chapter 6) the 
.connection., is only^^ an indirect^ one.. The primary effect of suppressed 
respiration is fermentation (reversed Pasteur effect!); the latter brings 
about the reduction of one or several components of the enzymatic 
iiieclianism of photosynthesis, so that, upon illumination, no oxygen can 
be released until these components have been regenerated. 

The pliotoxidative reactions which inhibit photosynthesis under high 
oxygen pressures (Chapters 13, page 328, and 19, page 531) are distinct 
from normal respiration, since their rate is affected^by changes in oxygen 
concentration between 10 and 100% (c/. Figs. 58 and 59). As described 
in chapter 19, this type of sensitized autoxidation must be localized in 
the chloroplasts, and can be attributed to reactions catalyzed by licat^ 
resistant catalysts of low molecular weight, rather than by true respi- 
ratory enzymes. • 

While the above experiments provide no evidence of a chemical 
interaction between the catalysts or intermediates of respiration and tlio 
photosynthetic apparatus, an indication that respiration may conti’iluite 
more than its end product — carbon dioxide — to photosynthesis can be 
found in the observation of Warburg (1919) and van der Paauw (1932) 
on cyanide inhibition of photosynthesis. According to these observers, 
cyanide reduces photosynthesis to the level of compensation, but does 
not lead to a net consumption of ox^^gen and evolution of carbon dioxide, 
The relevant experimental results and their interpretation were dis- 
cussed in chapter 12 (pp. 302 et seqi). It was stated there that the 
phenomenon requires renewed study, but that if its reality would be 
confirmed it could be taken as an indication that carboxylic acids, formed 
as intermediate products of respiration, can be utilized as oxidants in 
photosynthesis, instead of the complexes {CO 2 }, thus avoiding the 
cyanide-sensitive reaction by which {CO 2 I is formed from an aece[)l.or 
and free carbon dioxide. This is at present merely a conjecture, but it 
is worth closer investigation; its plausibility is enhanced by the observa- 
tion of Fan, Stauffer, and tlmbreit (cf. Chapter 19, page 542) that other 
organic carbon 3 d compounds also can be used as ^^substitute oxidants 
in photosynthesis, 

2, Effect of Photosynthesis (and Photoxidation) on Respiration 

Gaffron (193.9) pointed out that photosynthesis can be completely 
inhibited by ..hy dr oxylamine without an apparent ^ change in respiration, 
and concluded that respiration in green cells 'is not directly dependent 
on the immediate products , or intermediates of photosynthesis. ■ This is 
natural, ' since, respiration /occurs also in themonphotosynthesiziiig cells 
of multicellular plants. However, it does not' prove that intermediates 
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, of photosynthesis are incapable of serving as substrates of respiration 
particularly Avhen the supply of the normal substrates is insufficient. ’ 

An interesting example of a partial identity of the enzymatic apna- 
ratus of respiration and photosynthesis is provided by certain bacteria 
As suggested on page 111, these bacteria use the same enzjnnatic channels 
to convey hydrogen from organic donors to oxygen in the dark (respi- 
ration) and to carbon dioxide in light (photosynthesis). However this 
duplication of enzymatic functions takes place in a part of the photo- 
synthetic apparatus wffiich is not usually active in green plants (the 
hydrogenase system,” cf. Chapter 6). 

While a direct chemical link between the intermediates of photo- 
synthesis and the substrates of respiration is possible, but not yet proved 
a stimulation of respiration by the end products of photosynthesis— carbo- 
hydrates— has been established beyond doubt, and appears natural in 
consideration of the fact that respiration can also be stimulated * bv 
externally supplied sugars. ^ - 

1 he acceleration of respiration after a period of illumination was first 
obserrcd by Borodin (1881) and Palladin (1893>,-and again by Warburg 
and Negelein (1922). The extent of this effect must depend on tht 
capacity ol the cells for disposing of the synthesized carbohydrates by 
translocation or by formation of insoluble polymers. This explains 
widely varying figures given by different authors for the respiration 
incre^es which followed a period of photosynthesis {cf. Table 20 1) 

_ The experiments of Spoehr and McGee (1923) showed that respiration 
increases particularly strongly in leaves which have been previously kept 
m daAness for several days and have thus been depleted of carbohydrates: 
the effect on the respiration of nonstarved leaves is much weaker. 

Gessner (1939) too, found that a ‘jdark adaptation period” of several 

^ stimulation of respiration by an illumi- 
nation of 40,000 lux. He noticed, hoivever, that a similar effect can be 
produced also by ultraviolet light, and concluded that it is not caused by 
photosynthesis, but represents a direct stimulation of the respiratorV 
system. Eanjan (1940) found that ultrayiolet light inhiUts the respira- 
tio.n 01 Etigema jambolana. 

m probable that the same was true also of other results in 

fable 20.1, particularly those of Fockler (1938). Probably, a direct stim- 
ulabon ot respiration by short-waye light (ultraviolet, violet, and blue), 
which ml be d^cussed on pages 567-669, is superimposed on the effect of 
accumulated photosynthates in aU experiments except those performed 
m yellow or red light. 

Although it seems plausible that respiration should be stimulated by 

twTTl PJ^«t«^^thesis, it is by no means certain 

that all ot the increased oxygen consumption, observed after a period of 
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Tabus 20.1 

Aftebepfects of Photosynthesis on Respiration 


Species 

Conditions of 
illumination 

Respiration 
increased by, % 

Authority 

Ihrmdium 

150-Wa, lamp 13-cm. 
distant 

100 

van der Paauw* (1932) 

Beans 

HelimUhus 

16 hrs., 7140 lux, 
after 64 hrs. 
starvation 

5 hrs., 7140 lux, 
without starvation 

196 

3 

Spoehr and McGee 
(1923) 

1 

Wheat 

30 min., up to 

1000 f.-o. 

0 

McAlister (1937) 

Fontinalis antipyretica 

2 hrs. 10,000 lux, blue 
Same, red lighfe 

70 

45 

Bode (1940) 

Ulm lactuca 

Cladophora rupestris 
Fucus serratus 
Laminaria digitata 
Ceramium rubrum 
Fontinalis 

Potomageton Incens 
Ehdea crispa 
Trichomanes radicans 

1 hr. sun 

2 hrs. gray sky 

2 hrs. sun 

2 hrs. 1000-w. lamp 

1 hr. gray sky 

2 hrs. iOOO-w. lamp 

2 hrs, lOOO-w. lamp 

2 hrs. lOOO-w. lamp 

3 hrs. daylight 

48 « 21^ 

92 88 

104 74 

86 

111 68 

126 127 

229 122 

81 26 

41 27 

Fockler (1938) 

Aquatic plants 
(Potomageton, 

Ehdea, etc.) 

4 hrs., 40,000 lux 
after more than 

16 hrs. of dark 
adaptation 

Up to 50% 

Gessiier (1937, 1939) 


« First hour after the iliumination period. 
Second hour after the illumination period. 


illumination^ can be attributed to stimulated respiration. Part of this 
absorption may be caused by oxidations in the photosynthetic mechanism, 
analogous to those which were assumed (in Chapter 19) to be responsible 
for the photaiitoxidation in intense light and under high oxygen pressure. 
The components and intermediates of the photosynthetic apparatus may 
well be capable not only of a photochemical, but also of a slow non- 
photochemical autoxidation. 

The existence of autoxidi^iable intermediate products formed by 
photochemical processes in the chlorophyll apparatus is demonstrated 
by the aftereffects of photautoxidaiion (which obviously cannot produce 
carbohydrates). Whether the photoxidation had been brought about l)y 
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staryatioD (as ill the experiments of van der Paauw 1932, and Franck 
and French 1941), or by excess oxygen (as in the work of McAlister and 
Myers 1940), or by excessive illumination (Myers and Burr 1940), the 

return to darkness alwa37's finds the 
oxygen consumption enhanced (ef. 
Fig. 62). It is improbable that this 
increased absorption of oxygen is due 
to an increase in normal respiration; 
probably, photoxidation in the chloro- 
plasts leaves a residue of “semioxi- 
dized” intermediate products whose 
oxidation can be achieved in the dark 
without the participation of the respira- 
toiy enzymes. According to Franck 
and French (1941) the “aftereffect” 
of photoxidation of C02~starved leaves 
is small, unless the leaves have been 
supplied with glucose during the ex- 
posure (cf. Table 20.11). 



3. Effect of Light on Respiration 

In chapter 19, we suggested that 
the phenomena of photautoxidatioii 
in starved or narcotized leaves in 
the presence of excess oxj^gen or in 
very intense light are brought about 
by a cooperation of the primaiy 
photochemical apparatus of photosynthesis with the action of heat- 
resistant catalysts {cf, G-affron 1939, 1940, and Franck and French 1941) 
and- has nothing in common with the enzymatic mechanism of ordinary 

Table 20.II 

Aftereffects of Photoxidation (after Franck, and French) 


Fig. 62 .— Increased oxygen con- 
sumption iiy the dark after a period of 
photautoxidatioii (after M^^ers and 
Burr 1940). The effect is shown by 
the curvature in A and B. 


OxygeE consuEiption (m relative units) 


Substrate 

Before 

exposure 

During exposure 
(photoxidation) 

After ^ -30 ,r.nin. 
.exposure 

Without sugar 

8 

16.3 

,8.5,, - 

With sugar 

12.1 

20.5 





: , msF, , 




, ■ 24.0^ 


" After a firat exposure for 25 minutes. 

After two exposures of 25 minuteas, each with 2 hours of darkness between them; final high rate 
maintained for 90 ininutes. 

After the third exposure; rate maintained for 30 minutes. 
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respiration (as this was suggested by van der Paauw in 1932). If this 
view is adopted^ we may still ask whether illumination has any influence 
on normal respiration as well (other than stimulation by accumulated 
photosynthates). The effect for which we are looking may consist 
either in direct photorespiration,” i, e., a photochemical activation of 
the respiratory system which sets in immediately upon illumination and 
disappears abruptly upon return to darkness; or in an indirect stimu- 
lation which sets in slowly in light and persists for some time in the dark. 
The first effect is difficult to distinguish from decreased photosynthesis; 
the second can easily be confused with accelerated respiration caused by 
the accumulated products of photosynthesis. However, it was mentioned 
on page 564, that Gessner (1939) concluded, from the effect caused by 
ultraviolet light, that the persistent” light stimulation of respiration, 
is not — or not entirely — attributable to an accumulation of sugars. 
The same conclusion was reached by Fodder, and Emerson and Lewis, 
who also found that the dependence of light-stimulated respiration on 
wave length is different from that of photosynthesis, 

Montfort and Fdckler (1938) and Fockler (1938) noticed that the 
respiration of nonchlorophyllous plant tissues, e. g., roots of Vicia faba, 
shoots of asparagus, fruit skins, etc., is increased from 20 to 100% during 
the first hour of illumination. On return to darkness, oxygen consump- 
tion returned to its original level, sometimes quite rapidly. The respon- 
sibility for this stimulation was found to lie with the radiations belo\y^ ^ 




7 

500 m}x, a relation which indicates the part^^^^ yellow pigment 




No effects were observed in infrared light, whereas a vigorous effect 
occurred in the ultraviolet. Fockler found a parallel between a ^ 

action spectrum” of photorespiration” and the absorption spectrum * I 

of etiolated leaves as measured by Seybold (reproduced in Chapter 22, ■ 

Vol. II). a 

Fdckler thought that a similar direct effect of light on respiration 
could be detected also in chlorophyllous tissues— wFere stimulated ^ * i 

respiration often is diflScult to distinguish from inhibited photosynthesis * t. I 
—by its dependence on wave length. However, in fully active green . , 

tissues, photosynthesis is much too intense, compared with respiration, 
to make such measurements possible. Tdckler therefore inhibited the 
photosynthesis (of Potomageton lucens) by narcotics in concentrations 
which did not affect respiration (0.06% phenylurethan), and measured 
the gas exchange in light of different colors. He found the strongest 
oxygen uptake in blue light, and almost no uptake in green and red light. 

One possible, but improbable explanation of these results is that photo- 
synthesis is completely inhibited by 0.06% urethan, while respiration 
is inhibited by red, and stimulated by blue light. A more probable 
explanation is that the inhibition of photosynthesis by 0.06% phen3d“ 
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urethan is incomplete and only reduces it roughly to the compensation 
point; red (and green) light do not affect respiration, and therefore 
leave the gas exchange close to balance, whereas blue light stimulates 
respiration and thus causes a net consumption of oxygen. 

These results have been confirmed by the more precise observations 
of Emerson and Lewis (1943). They found that, in Chlorella, the 
oxygen consumption in the dark is enhanced considerably after a short 
illumination with light belonging to the narrow band of 440-530 mju, 
with a maximum effect at 470 m/i. The increase in the net oxygen 
consumption in light with time, illustrated by figure 63 (and occurring, 



Time/ tninuies 

Fig. 63 . — Effect of light on oxygen consumption (after Emerson and Lewis 1943 ). 
The rate of oxygen exchange is based on readings at one-minute intervals. Light 
periods are indicated at the bottom by the wave length of the light used. Intensities: 
8.0 X 10 “** einsteins per cm.^ per minute at 480 m(x; 4.1 X 10 “^ at 435 m/x; and 7.3 X 
10 ”® at 560 m^. Broken line indicates the probable development of respiration during 
the illumination periods. The cells (260 mm.® Chlorella cells in 25 ml. carbonate buffer) 
were in the dark for about 75 minutes preceding the observations. 

according to this figure, only at 480 mix and not at 435 m/i or 560 mjii), 
indicates that the rate of respiration increases gradually during the 
illumination, the maximum observed increase (shown on the extreme 
right) being of the order of 70%. (It must be noted that the light 
intensity used in these experiments was very weak. The net gas exchange 
in figure 63 never exceeded the compensation point, so stronger effects 
may perhaps occur in more intense light.) 

According to Emerson and Lewis, the light-stimulated oxygen 
consumption is particularly strong in Chlorella cells grown in neon light. 
These cells are yellowish green in color (indicating a low concentration 
* of chlorophyll). Some cultures showed almost no effect; the same was 
true of the blue-green cells of Ckroococcus. 
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It thus seems probable that light absorbed by the carotenoids has a 
specific stimulating influence on oxygen consumption, which is, however, 
not a direct sensitization, since it sets slowly in light and persists for 
several minutes in the dark. 

Whether the effect of ultraviolet light on the respiration of green cells, 
observed by Gessner, can be attributed to the same cuase is an open 
question; the stimulation of respiration in colorless tissues, observed by 
Montfort and Fdckler, seems to point to a different mechanism, since 
these tissues contain no carotenoids (but may contain water-soluble 
pigments of the flavonol type). 

We now come to the problem of photorespiration'' proper, that is, 
a direct photochemical acceleration of normal respiration which disap- 
pears in the dark as instantaneously as does photosynthesis. The 
possibility of such an effect is a nightmare oppressing all who are con- 
cerned with the exact measurement of photosynthesis, and various 
attempts have been made to bring it to light. The problem is: how to 
determine the true rate of respiration in green plant cells during the 
illumination. Noddack and Kopp (1940) measured the light curves of 
photosynthesis of Chlorella at different temperatures and inquired whether 
the subtraction of ^Mark respiration" (Rd) from the apparent photo- 
synthesis at low light intensities (Pa) leaves a residue, P = Pa — Pd, 
which is independent of temperature, as this could be expected for true 
photosynthesis at low light intensities (cf. Vol. II, Chapter 31). They 
found slight deviations from constancy, but in the direction which 
indicated a somewhat decreased, rather than stimulated, respiration in 
light. In similar experiments of Emerson and Lewis (1940), tempera- 
ture was found to have no effect at all on the calculated quantum yield. 

According to Gaffron (1939), the respiration of cells poisoned with 
hydroxylamine (which inhibits photosynthesis and does not affect respi- 
ration) continues in light at the same rate as in the dark. The results 
obtained with cyanide are more complex because this poison acts on 
both photosynthesis and respiration {cf. Chapter 12). In most plants — 
both higher plants and algae, including CMoreZfa — photosynthesis is 
more sensitive to cyanide than respiration; in certain species, however, 
as in some strains of Scenedesmus, the relation is reversed. Thus, 
hydrocyanic acid should afford an opportunity to study both respiration 
in light with poisoned photosynthesis, and photosynthesis with poisoned 
respiration. However, experiments of the first kind do not give the same 
simple results as those with hydroxylamine. In intense light, photo- 
synthesis is so much stronger than respiration that a small residual 
capacity for photosynthesis which remains in the cyanide-poisoned cells 
is sufficient to prevent an exact measurement of respiration. Warburg 
(1919) observed that photosynthesis cannot be reduced by cyanide 
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poisoning below the compensation point; and even though this result is 
controversial (c/. page 309), it certainly is true that it has been impossible 
to stifle photosynthesis completely by cyanide without using such 
concentrations of the poison which would affect respiration as well. 

Gaffron (1937, 1939) had more success with the reverse procedure — 
quenching the respiration of Scenedesmus, without damaging photosyn- 
thesis. Typical results are shown in Table 20.IIL The fact that *Hrue 


Table 20.111 

Effect op Cyanide on Respiration and Photosynthesis in Scenedesmus 
(0.09 ml. cells in phosphate buffer, pH 5.9, 21° C.; air with 5% CO 2 ) 


Conditions of experiment 

[HCN], mole/i. X 10^ 

0 

1 

2 

10 

50 

Dark respiration (in mm.® O 2 in 20 min.), Rd 

Net gas exchange at 400 lux (15 min. illumination -h 

-54 

-27 

-13 

- 2 

5 min. dark), P + 

-23 

+11 

+18 

+29 

P + Pi - Pd 

31 

38 

31 

31 


photosynthesis,’^ calculated in the last line of table 20.III by the sub- 
traction of dark respiration from the net gas exchange in light, remains 
practically constant, ivhile respiration itself drops to 4% of its original 
value, can be considered as an indication that respiration in light is the 
same as in the dark. (Strictly speaking, the constancy of the figures in 
the last row proves only that the difference Ri — is independent of cy- 
anide concentration; it is feasible, but improbable that this difference is 
constant, but not zero.) 

Although none of the experiments described above provides a final 
proof of the nonexistence of true “photorespiration,” the least that can 
be stated is that no evidence of such a phenomenon has as yet been 
found (except perhaps in ultraviolet light), and that all definitely estab- 
lished cases of light-stimulated respiration were of the “persistent” 
type, and could be attributed either to an accumulation of sugars or to 
an indirect photochemical effect of blue-violet light absorbed by the 
carotenoids. 
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The following abbreviations are used: CM, chlorophyll; CS, chemosynthesis; 
PO, photoxidation; PR, photoreduction; PS, photosynthesis; and R, respiration. 


. A 

Accessory pigments, 401, 470-480 
Acetaldehyde, conversion to starch, 261 
function in PS, 342 
ill R, 224, 251, 261, 342 
occurrence in plants, 243, 251, 253, 254 
Acetic acid, as bacterial product, 123 
energ.y, 184, 218 
as food, 261 

as intermediate in R, 224 
occurrence in plants, 249, 251, 253 
oxidation by bacteria, 110 
Acetoin, occiirreiice in plants, 254 
Acetone, as bacterial product, 107 
Acidification of succulents, 264-267 
Acids, conversion to carbohydrates by 
succulents, 265 

occurrence and role in plants, 34, 207- 
269 

in PS and R, 35, 51, 247, 265, 343 
as substrates of bacterial PR, 102 
Adaptation of algae, to H 2 , 128-136 
to light intensity and color, 421-427, 532 
poisoning of H 2 adaptation, 310, 313 
Adapted algae, metabolism, 120, 128-149, 
168-170 
scheme, 239 

Aging, effect on PS, 285, 333-334, 339 
Alcohols, in bacterial PR, 107 
CO 2 uptake, 179-180, 186 
in plants, 253-256 
Aldehydes, in plants, 253 
Algae, adaptation to Ii 2 , 128-169 
chromopiasts, 359 

feeding with low molecular weight 
compounds, 257-262 
formation of Chi in dark, 430 
pigments, 405-407, 408-411, 415-416, 
472 


Alkali ions, in chloroplasts and cytoplasm 
376-377 

effect on PS, 340 
Alkaloids, effect on PS, 321 
Allomerization of Chi See ChlorophyU 
reactions, allomerization 
AUylthiourea (= thiosinamine), effect on 
Chi bleaching and fiuorescence, 487, 
516 

Chl-sensitized oxidation, 510, 513 
A7nines, Chl-sensitized aiitoxidation, oil 
CO 2 uptake, 181-183 
Amino acids, CO 2 uptake, 182 
in leaves, 373-374 

source of oxalic and malic acid in 
plants, 264 

Ammonium ions, effect on PS, 340 
Anaerobic incubation, 128-136, 326-328 
Anions, inhibition of PS, 341-342 
Anthocyanins, 401, 479-480, 541 
Ascoi'bic acid, 93, 259, 269-273, 343 
Assmiilatory secretion, 43, 254 
Aurea leaves, 401, 403, 408-409 
Autotrophic bacteria, 99-111 
role in nature, 123-124 
Autoxidation, 70, 474, 508-511, 517 
Azide, effect on CS, 113 
on PS, 318 

Azo dyes, reaction with Chi, 503-505, 511 
B 

Bactena, 99, 101, 102, 112-125 
CS, 111-127 
hydrogenase, 131 
PR, 99-111 

primary photoprocess, 1 68-1 70 
Bacteriochlorophyll, 99, 101, 170, 384-389, 
402,407,447,495 
as sensitizer, 514 


^ A subject index for both volumes will be found in Volume II. 
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Bactenoviridin, 101, 402, 445 
Bemaldehyde, as substitute oxidant in PS, 
542-543 

Bemem, energy, 218, 219, 221 
as substrate of CS, 118 
Bensidme, as Clil protector, 501 
PO, 508, 510, 528 

Bicarbonate, in plQ.nts, 188, 189-195 
redox potential, 221 
reserve in plants, 196-200 
solutions, ?>H and CO2 content, 178 
Bicarbonate ions, absorption spectrum, 81 
concentration in CO3 solution, 173-179 
energy, 218 
role in PS, 195-200 
Bilan, 477, 478 

Birefringence, of Chi eoacervates, 392 
of chloroplasts, 362-368 
Bleaching of elilorophylL See Chlorophyll 
bleaching 

Blue-green algae, absence of ehromoplasts, 
355 

adaptation to H2S, 148 
chromatic adaptation, 419, 424-427 
pigments, 402, 405, 415-419, 424-427, 
429 

Blue-violet light, specific effects, 430, 431, 
465, 485, 496, 536, 540, 541, 564-565, 
567-568 

Boml energies. See Standard bond energies 
Brown algae, habitat, 420 
pigments, 402, 405, 410, 413, 414, 416, 
420, 472 

Brown phase, 459, 460, 462-463, 493 
Butanol, in bacterial metabolism, 121-122 
Butyrate, as plant food, 261 

C 

Calcium carbonate, in aquatics, 197 
in leaves, 194, 377 

Carbamates, formation from amines and 
GO2, 181-183 

Carhammatum, 123, 182, 188, 191, 194, 289 
of Chi, 454 

Carbohydrates, effect on greening, 429 
on PS, 331-333 ' ■ 
on R, 333 
energy, 49 

occurrence in leaves, 44-45 
as products of CS and PS, 33, 36-38, 
118, 140, 241-242; : ^ 
role ill succulents, 265 


Carbon, cycle on earth, 19 
isotope C^^, 244 
as reductant in CS, 112, 118 
sublimation energy, 213 
Carbonate-bicarbonate equilibrium, in 
plants, 190-195, 

Carbonate buffers, 178, 196, 198, 340 
Carbonate ions, concentration in solution, 
173-179 
energy, 218 

inhibition of PS, 197-198 
in plants, 189-195, 199-200 
spectrum, 81 

Carbon dioxide, deficiency, stimulation of 
PO, 526-531 
effect on amylolysis, 331 
on Chi bleaching, 488 
on Chi fluorescence, 167 
on H2 absorption by algae, 142 
on stomata, 331 
energy, 215-218 
‘ffree'^ and ‘‘bound,’' 189-190 
“gush,’’ 207 

hydration, 74, 175, 198-199 
inhibition of PS by its excess, 330-331 
ionic dissociation, 173-176 
penetration into cells, 197 
“pickup,” 206-208 
reaction with Chi, 451-456 
role in PS, 19-22 
salting-out, 179 
solubility, 173-179, 189 
Carbon dioxide absorption, by alcohols, 
179-180 

by alkaline earth carbonates, 179 
by amines, 181-183 
by bacteria, 110, 114, 209 
by blood, 182 

by Chi, 455-456 H 

by dry leaves, 191-195 
by Escherichia, 209 
irreversible and reversible, 192-193 
by living plants, 188-209 
■ by phosphate buffers, 190-195 
by plants in dark, 190-195, 200-208 
in PR, 108, 109 
in PS,' 173. ; 
in vitro, 173-188 
by water, 180, 181, 209 
Carbon dioxide-acceptor complex, SCO2}, 
'■ 173, 188, 198,. 200-208 
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: as ultraviolet-sensitive component in 
; PS, 346 

Carbon dioxide addition to bonds, H— OH, 
; ’ 176 

' C-H, 183 
C-metal, 186 
I N-H, 181 
I N— metal, 454 
R™.0H, 180 

I Carhn dioxide concentration, effect on 
j HCN poisoningj 302, 303 

on deacidification of succulents, 265 
1 on iiretlian poisoning, 322 

I in air, 174 

Carbon dioxide dscomposiUon, as primary 
I process in PS, 157 

in ultraviolet light, 81 
Ca'ti)on dioxide liberation, in cleacidifica- 
tion of succulents, 265-266 
in light, 167 

by methane bacteria, 121-122 
by nitrate-reducing plants, 539 
Carbon dioxide reduction, by bacteria, 113, 
123, 167 

by CS in adapted algae, 123, 138 

coupled with phosphorylation, 226-227 

by electric discharges, 83 

by H 2 , 73, 79, 83-89, 121, 146-148 

byH202, 157 

intermediates, 246-280 

by Mg, 79 

nonphotochemical step in PS, 124, 173, 
, : ■ 213-244, 

primary photoprocess in PS, 157-159, 
161 

sensitized, 84-94 
thermodynamics, 213-222 
'■ true, 123, 187-188 
in vitro, 78-94 

Carhoc'^ anhydrase, 176, 182, 186-187, 
199,380 

Carbon monoxide, 81-82, 112, 113, 118, 
260,316-317 

Carbonyl group, energy, 215, 218 
I as oxidant in- PS, 642-543 ; ■ 

I phosphate ester, 224 
I Carboxylase, role in PS. See Catalyst E a 
' Carboxylation, of Ghl, 454 
, coupled with phosphorylation, 201 
in CS and PS,- 80;'114, '183, 205 : ' 
energy, 217 


equilibrium, in vitro and m 183- 
186,200-208 

in heterotrophants, 128, 208-209 
of Ha, 208 

in plants, 188, 200-208 
relation to true reduction of CDs, 123, 
187-188 

Carboxyl group, energy, 215-218 
formation in R, 226 
as oxidant in PS, 80, 90-93 
phosphate ester, 224-227 
potential, 221 

Carhoxylie acids, as intermediates of 11 
and substrates of PS, 563 
reduction, 80 

Carotenes, 412-416, 470-476, 521-522 
Chhsensitized oxidation, 510 
conversion to xanthopliyll, 554 
in plants, 401, 412-416 
in seeds, 430-431 

Carotenoids, 470-476 
in algae, 401, 412-416, 472 
autumnal transformations, 415 
in bacteria, 99, 101, 416-417, 473 
Chi protectors, 501 

effect of external factors on formation, 
423, 430-431 

energy transfer to Chi, 515, 522, 558 
existence in vivo, 388 
fluorescence, 402 
formation in vivo, 427-431 
inheritance, 431 
in leaves, 401, 412-416 
in lipoid fraction of leaves, 375 
participation in PS and R, 474-475, 
522, 527, 557-558, 561, 569 
peroxides, 292-293, 474 
photochemistry, 521-522 
in plant extracts, 388 
position in chloroplasts, 367 
relation to vitamin A, isoprene, and 
phytol, 439-440, 471-472 
role in phototaxis, 557 
as sensitizers, 476, 5 15, 522, 561 , 569 

Carotenols, 412— 416, 470-476, 521—522 
ratio to carotenes, 412-414, 423, 424 
in seeds, 430-431 

Catalase, 122, 284:, S86, 379-380, 431 

Tm^st EA is^^^ 173, 179, 203 

sensitivity to PO and poisons, 286, 308, 
329-330,536 
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Catalyst Eb (stabilizing catalyst, a mu- 
tase?), 163, 173, 379 

Catalyst Ec (deoxidase), 173, 281, 312, 379 
absence in bacteria, 168 
inhibition by H 2 S and NH 2 OH, 312, 316 
Catalyst Bo (deoxidase), 134-136, 281 
Catalytic reactions in PS. See Nonphoto- 
chemical processes 

Cations, as photoxidants for water, 74-76 
transfer through leaves, 197 
Cell 7ne7nl)ranes, permeability to neutral 

molecules, 197, 301, 319, 539-540 
Cellulose, 42, 49 

Ceric ions, reaction with Chi, 464-465 
PO of H 2 O, 74, 75 

Chemautotrophic bacteria, 4, 99, 101, 112 
125 

efhciency, 118-122 
Cheniosynthesis, 99, 111 124 
in algae, 141-142 

energy dismutation theory, 166, 235-239 
phosphorylation theory, 229 
schemes, 142, 144, 235, 238 
Chlorides, effect on PS, 341-342 
in leaves, 376-377 
Chlorins, 447, 457, 467 
Chloroform, effect on PS, 320-321 
Chlorofucin. Bee Chlorophyll c 
Chloroglohin, 389 

Chlorophyll, 382-394, 402-412, 438-470, 
483-521, 526-557 
as acceptor, for H in PS, 154-161 
for H 2 O and CO 2 in PS, 287, 450, 545 
association, with CO 2 , 287, 451-456, 545 
with lipoids, 382-384, 391-394 
with O 2 , 455, 492, 520-521 
with oxidants and reductants in PS, 
545 . 

with proteins, 382-384, 393 
with sentitization substrates, 520- 
; : 521, 544-547 ' ■ 

bleaching, reversible, 486-494, 517, 550 
m 383, 486-506 
in vim, 537-538, 550 
catalyst in dark, 466, 504 * 

colloids, 68, 452-453, 502-503 
extracts, 382-383, 384-387, 394. See 
oXm Chloroplastin and Chloroglohin 
films, 68, 394, 449-450 
fluorescence. See Fluorescence 


function in PS, 69, 154-161, 166-167, 
287, , 294-295, .384, 427-428, 450, 
505-506, 545, 548-558 , , J 

inheritance, 431 
photocatalyst, 56, 69, 384 
photoreductaiit and photoxidaiit in P8, 
155, 294—295, 304, 505—506, 550, 551, 
554-557 

sensitizer, for autoxidations, 289 
for H 2 O 2 formation, 78 
for Molisch reaction, 271 
for nitrate reduction, 538-541 ; 

for PPb of dyes, 504 
for PS in vitro, 67-69, 89, 90-94 
in vitro, 507-522 
in vivo, 526-558 

spectrum, 362, 383, 403, 427, 443-444 
state in vivo, 367, 382-394 
tautomeric, role in bleaching, sensitiza- 
tion, and fluorescence, 484-485, 489- 
491, 493, 499-500, 515, 545 
Chlorophyll a-chlorophyll h ratio, 389, 402- 
404, 408-409, 419, 422, 423, 424, 554 
Chlorophyll a', 403 

Chlorophyll h, conversion to a, 466-534 
occurrence, 405-406 
specific function in nature, 150, 403, 
406,422 

specific properties, 423, 451, 462 
Chlorophyll h', 403 

Chlorophyll c (chlorofucin), 402, 406-407, 
439 

Chlorophyll-carotenoid ratio, 413, 414, 422, 
423,427 

Chlorophyll concentration, diurnal varia- 
tions, 419, 420 

effect of external factors, 419-432 
effect on PS and catalase activity, 285 
on HCN poisoning, 304 
on quantum yield of seiisitizatioB 
509,512,519 

in grana, chloroplasts, and cells, 20-^ 
391, 411-412 

in leaves and algae, 407-409 
in lipoid deaf fraction, 375 
unchanged by PS, 549-550 : 
Chlorophyll d and d' , 407, 439 ^ ^ 

Chlorophyll formationin plants, 404-405, 4^ 
in dark, 404, 430, 431 _ 

. effect of external factors, 345-346, 42. 
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^IkrophyU nu)UcuU, 4.38-Am 

dipole, 444 

enol, 444, 459, 493 

isomers, 403, 444 

long-lived states, 484-486 

mesomers, 442-444 

shape and size, 448-449 

two green forms, 166-167, 5o6 

water content, 450 

Chlorophyll oxidation, 456-466 
in PS, 551,-557 

Chlorophyll peroxide, 293, 461 
ChlorophyU photochemistry, m vitro, 383, 
483-521 

in wo, 526-560 +•« -,1 qrs 

niorophyll-protein complexes, artificial, 388 
lural, 68, 383-389, 602-503 
Chlorophyll-protein ratio, m chloroplasts, 

387, 389-391 

iChlorophyll reactions, 450-467 
ftlcoholysis, 381, 459 

Smerization, 293,400,459-462,492- 
493 

with ascorbic acid, 273 

with associated oxidants and reductants, 

545 


carbamination, 183, 454 
with CO, 316 
with CO 2 , 451-456 
dismutation, 460, 489, 519 
enolization, 444, 493 
exchange with C*, 557 
with H*, 557 
with Mg*, 467 
with FeCU, 295, 464-466 
hydrogenation, 441, 457, 458 
phase test, 457, 459, 465-466 
polymerization, 519 
uptake of CO 2 , 451—456 
of H 2 O, 454-455 
of O 2 , 293, 499 
with water, 450-451 
Chlorophyll reduction, 90, 456-466, 491 
in PS, 551, 553, 554-557 
Chlorophyllase, 380—381, 447, 467 
ChlorophyUides, 440, 447, 448-449, 462 
Chlorophyllin, 439, 447 ; shape, 448 
Chlorophyllogen, 404, 405, 431, 457 
Chloroplastic matter, separation and com- 
position, 204, 269, 368-371, 376-379, 
381,411-412 


Chloroplastin, 385-386, 389, 537 
ChloroplastSf 354-397 

aligninent in lightj 549, 551 
birefringence, 364-367 
Chi content, 389-391, 411-412 
content of ascorbic acid, 269-271 
dichroisnx, 361 

grana and lamina, 357-361, 361-367 
iron and copper assay, 376-379 
membrane, 357 

number, size, shape, and volume, 354- 

357, 371 
pH, 451 

PS in vitrOf 61-67 
proteins and lipoids, 371-376 
sensitizers in HilFs reaction, 63-67 
state of pigments, 382-394 
structure, 354-367 
water content, 382 

Chlorosis, 337-339, 372-373. 414, 428, 429 
Chrmuvtic adaptation, of algae, 421-42/ 
of land plants, 422-424 
Chromatoplas77h 355 
ChromoplcLsts, 354-367 
Chromoproteids, 382, 417-419 
Citrate^ in nonsucciilent plants, 250, 

269 

as plant food, 261, 262, 266 
as R intermediate, 268-269 
in succulents, 264 
Cleavage test, 460 
Coacervates of Chi, 392 
CoiyihusHon energy, 214-216 
Compensation point of PS, 302 
Complementary chromatic adaptation, 42 
427 

Conifers, Chi formation in dark, 430 
Conjugation, influence on bond energy, 
183-184, 214, 218-219 
Cower, assay in chloroplasts, 379 

role in. PS, PO, and R, 320, 538. 

Coupled reactions, in CS, 141, 142, ^3o 

in PS, 234 ^ . 

Crotonic add, preparation from purp, 
bacteria, 110 „ 

Cupric ions, effect on PS, 336, 340, 341 

Cyanide effect, on carbonic anhydrase, 18- 

on catalase, 284-286 
on Chi fluorescence, 310-311 

.on 0*02 uptake, 203, 242 
on CO 2 pickup, 207-308 
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on CS, 113, 310 
on de-adaptation, 310 
on formic acid synthesis, 208 
on glucose-stimulated R, 562 
on HilFs reaction, 66 
on lia-adapted algae, 310-311 
on hydrogenase, 131 
on hydrogen bacteria, 117 
on induction in PS, 310 
on iron in chloroplasts, 318, 378 
on nitrate reduction, 539 
on O 2 liberation in PS, 309 
on oxyhydrogen reaction, 310 
on PO, 311, 536 
on PR, 310-311 
on PS, 300-310, 342, 569-570 
on R, 301-306, 308, 569-570 
Cyanide-resistant photosynthesis, 306-309, 
561, 569-570 

Cyanophyceae. See Blue-green algae 
Cy closes. See Inositols 
Cytoplasm, role in PS, 355 
separation from chloroplasts and compo- 
sition, 369-376, 379-380 

D 

Darh reactions. See Nonphotochemical 
processes 

Deaddification of succulents, 265-266 
De-adaptation of algae, 131-136, 169 
effect of poisons, 310, 313-316 
Decarboxylation, 121, 183, 208, 454. See 
also Carhoxylation 
Dehydration, effect on Chi, 400 
on photolysis of CO 2 , 82 
on PS, 333-335 

Deoxidase, in PS, 134-136, 173, 281, 282, 
291, 293-295, 312, 379 
NH 2 OH and H 2 S sensitivity, 286, 312, 
316 

Detergents, effect on Chi extracts, 387 
Diatoms, adaptation to H 2 S, 128 
oil storage, 34 
pigments, 402, 405, 425 
Dichroism of chloroplasts, 366-367 
Dihydroporphins, M5 
Dinitrophenol, inhibition effects, 113, 143, 
319 

Dipole moment of Chi, 444 
Dismutation, 4:S, 217 
of acetate by bacteria, 121 


•i 

of benzaldehyde by leaves, 542-543 
of Chi, 460, 489, 519 
of energy, in CS and PS, 161, ■ 164-166 
233-239, 552 
of free radicals, 230 
of hydrogenase, 130 
of peroxides, 80, 282, 287, 291 
of semiquinones, 159 
step in deacidification, 266-267 
in PS, 80, 156, 158, 172-173, 240, 2% 
Distilled water, effect on PS and R, 336 
Diurnal variations, of acidity, 246 
of Chi content, 419-420 
Double bonds, energy, 214 
peroxides, 292, 474 
Drying. See Dehydration 
Dyestuffs, bleaching, 77, 293, 499 
as sensitizers, 76, 503-505, 512, 522 

E 

Efficiency, of CS, 118-120, 140-141 
of PS, 50 

Eight quanta theories of PS, 154, 160-168, 
233-235, 552, 555 

Elect7'ic fields and currents, effect on PS, 34§ 
Electron transfer, as mechanism of oxida- 
tion, 151, 219-220, 319 
Energy (total and free), of carhoxylation, 
183-184, 217 
of CO 2 , 174-175, 215 
of combustion, 43, 213-216 
of CS, 112-120 

of dismutation, 217, 230-231, 282 
of fermentation, 121, 217 
of free radicals, 219-233 
of HilFs reaction, 67 
of hydration, 174-175, 217 
of isomerization, 217 
of methane production, 121-123 
of oxidation-reduction, 217-222, 230- 
231 

of peroxides, 282-284, 288, 291-292 

of phosphate bonds, 201, 224 

of polymerization, 217 

of PR, 102-105, 108 

of PS, 3, 8-10, 47-51, 69, 160-161, 291 

of R, '225 . ' 

of stabilization of intermediates in PS 
,161' ■ ■ 

of standard bonds, 213-215, 283 
of water, 72, 74, 213-215, 283 
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Energy dismutatim. Bee Dismutation,, of 
energy 

Energy transfer^ 514-517^ 522, 548, 558 
Enolization of chlorophyll. See Chloro- 
phyll reactions 

Enzymes j in chioroplasts, 379-381 
in leaves, 41-42 
as limiting factor in PS, 172 
Ethanol^ absorption of CO 2 , 180 
in bacterial metabolism, 121 
effect on PS, 321 

occurrence in plants, 249, 251, 254 
Ether, effect on PS, 320-321, 342 
on Chi in leaves, 383 
Etiolated plants, 429-431 
protocUorophyll content, 404 

F 

Fats, occurrence in cbloroplasts, 375 
Fatty adds, in PR of bacteria, 102, 106, 
108, 110-111 

Feeding, of albino plants, 47 
of algae with formaldehyde, 257-260 
with other low-molecular compounds, 
260-262 

of flagellates, 261-262 
Fermentation, 53, 110, 121-122, 129, 130, 
136-138, 217, 265, 327, 563 
Ferric chloride, reaction with Chi, 295, 
464-466, 490-491, 504, 512 
Ferric oxalate as photoxidani, for H 2 O 2 , 64 
for H 2 O. See Hiirs reaction 
Ferric salts, as oxidants in PS, 541 
Ferri-ferro systems, 70, 221, 222, 294 
Ferrous ions, occurrence in chloropksts, 
378 

reaction with oxy-Chl, 488, 490 
as reductants in CS, 116 
Flagellates, organic nutrition, 261-262 
pigments, 405-407 

Flashing light experiments, 133, 169, 296- 
297, 307-308, 310, 311, 313, 338, 346 
Flavones, 401, 402, 479-480, 541 
reduction in light, 547 
Fluorescence, of pigments, shift in vivo, 383 
relation to primary photoprocess, 483- 
. ■ 484 

spectrum, of brown algae, 405-407 
Fluorescence of chlorophyll in vitro, in 
coacervates, 392 
in coHoids, 385-3$8, 392, 393 
effect of reduction, 457 


fading, 492, 495, 497, 501 
interpretation, 484, 489, 519, 546-547 
in multilayers, 394 

quenching and sensitization, 483, 485- 
486, 518, 546-548 
yield, 485 

Fluorescence of chlorophyll in vivo, 167, 392 
carotenoid-sensitized, 476, 515, 522, 558 
effect of anaerobiosis, 328 
of boiling, 393 
of cyanide, 310-311 
of urethan, 322-323 
in grana and stroma, 361-362 
interpretation, 392-394 
relation to sensitization, 545-548 
yield, 546-547 

Fluorescence of phycobilins, 402, 417 

Formaldehyde, Chl-sensitized formation, 
89, 90-94 

decomposition by plants, 257, 260 
energy, 48-49, 218 
feeding to plants, 257-260 
formation by silent discharges, 83 
from CO 2 in vitro, 79, 82, 83 
from Chi, 91 
from percarbonate, 289 
from phosgene and bicarbonate by 
H 2 O 2 , 79 
hydrate, 53 

intermeiate in PS, 48, 51, 247-248 
occurrence in plants, 249, 253, 255-257 
poison, 257-259 
polymerization, 247, 259, 273 
product of PO, 68, 267, 495-496 
in rain water, 82 

reaction with nitrate and nitrite in light, 
87 

stimulant, 343 

Formic add, biosynthesis, 218 
effect on Chi bleaching, 488 
energy, 184, 218 
feeding to plants, 261 
intermediate in PS, 51 
occurrence in plants, 249-251, 253 
production by bacteria, 110 
reversible decarboxylation, 185 

Four quanta theories of photosynthesis, 154, 
288 

Free energy, Energy 

Free radicals, en&r^, 81, 217, 229--234 : . - 
as intermediates in OS, FO, : and PS, SO, 
233-239, 287,' 293, 494-501, 515 
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Fructose, 40, 43, 44, 46, 49 
Fucoxantkol, 401, 413, 415-416, 423, 472 
Fumaric acid, biosynthesis, 209 
energy, 184, 218 
H acceptor, 131 
intermediate in R, 224 
in plants, 250-251 

G 

Galactose, 39, 49 
Glucose, 39-42, 46 

effects on plant metabolism, 133, 137, 
140, 141, 143, 147, 308, 331-333, 562 
energy, 49 

product of PS, 44-46 
substrate of PO, 528, 529, 535 
Glucuronic acid, in plants, 250, 252 
in respiration, 269 
Glyceraldehyde, energy, 49 
occurrence in PS, 46 
in R, 223 

Glycerol, in bacterial metabolism, 209 
conversion to sugar, 260, 261 
effect on PS and PO, 528 
Glycogen, in algae, 43 

Glycol, conversion to starch by plants, 261 
Glycolaldehyde, glycolic and glyoxalic acids, 
in plants, 249, 251, 254 
Grana, 44, 254, 357-361, 362 
Chi-protein ratio, 390-391 
fluorescence, 361 
O 2 uptake, 503 
in silver precipitates, 359 
volume, 390-391 

Green algae, pigments, 403, 405, 410, 413 
Greening, 427, 429 

Green sulfur bacteria, 99, 101, 102, 103 
pigments, 402 
Guard cells, 334 

‘^Gush^^ of carbon dioxide in light, 203, 207 
H 

Eeapy metals, effect on PS, 340-342 
Heavy water, effect on PS, 157, 295-298, 
335 

Heliophilic and heliophobic (ombrophilic) 
plants, 422, 533, 535 
iJemopto&m, 63, 134, 384 
Heredity, effect on pigments, 424, 431 
Heterotrophic organisms, 2, 208-209 
Hexenaldehyde, in plants, 43, 250, 252-255 
Hexoses, as products of PS, 39, 45 


HilVs reaction, 65, 66, 75, 239, 240 
Hydration, of CM, 449, 450 
of CO 2 , 173-179, 198-199 
energy, 217 

Hydrogen, in bacterial metabolism, 102 
104, 116-118, 121, 123 
as reductant for CO 2 in vitro, 79, 83 
Hydrogenase, in algae, 130, 134 
in bacteria, 131 
inhibition by CO, 316-317 
Hydrogenation, of carotenoids, 474 
of CO 2 as primary photoprocess, 154, 
157-159 

energy, 217-222 
of free radicals, 230 
Hydrogen atoms, in Chi, 441, 463, 555 
reactions with CO 2 , 77 
Hydrogen bacteria, 73, 112, 116-118, 119, 
236-239 

Hydrogen donors, 106, 141, 145 
Hydrogen fermentation, 128, 129, 136-139, 
142-146 

effect of poisons, 319 
Hydrogen ions, effect on PS, 339-340 
Hydrogen-oxygen ratio, in CS, 117, 139- 
141, 236-238 

Hydrogen peroxide, dismutation, 80 
energy, 215, 283 
inhibitor of PS, 286, 318 
intermediate in PS and R, 79, 281-286 
monomolecular decomposition, 291 
photochemical formation, 70-73, 78, 283 
reductant for CO 2 , 79-80 
Hydrogen sulfide, effect on plants, 284, 316 
inhibitor, 315-316 
reductant in PS, 101, 102, 113, 128 
stimulant, 342 

Hydrogen transfer, inhibition by dinitro- 
phenol, 319 

as mechanism of oxidation, 52, 151, 219 
as primary photoprocess, 150 
Hydrogen uptake, by algae, 117, 129, 136- 
137, 139, 142-146 
by Chi, 455 

Hydroxyl, ions, 339-340 
radicals, 72, 220 

Hydroxylamine effect, on adaptation and 
de-adaptation, 133-135, 313-314 
on HiMs reaction, 66 
on PR, 311 

on PS, 284, 285, 311-315, 320, 569 
on R, 311-315, 320, 569 
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I 

Indoleacetic acid, effect on PS, 343 
Induction period in PR, 146 
in PS, 35, 207, 313, 326-328 ' 

Infrared light, photochemical effects, 99- 
100, 514-515 

Inhibition. See under Photoreduction, 
Photosynthesis, Photoxidation, Respira- 
tion 

Inositols, 39-40, 46, 244 
Intensity adaptation, of algae, 421-422, 425 
of leaves, 423-427 

^Intermediates, of CO 2 reduction, 239-280 
of O 2 liberation, 281-299 
of PS, 130, 133, 134, 244, 246, 564 
of R, 563 
Inulin, 43, 49 

Iodide ions, effect on PS, 341 
on PO, 511 

lodoacetyl radical, effect on catalase, 284- 
285 

on CO 2 uptake by bacteria, 114 
on CS, PS, and R, 113, 318-319, 342 
Ions, deficiency and excess effects on PS, 
335-342 

Iron, bacteria, 112, 116 
in chloroplasts, 376-379, 429 
complexes in PS, 239-240 
effect on Chi, 425, 428-429 
on PS, 239-240, 317, 338 
Isoamylamine, Chl-sensitized oxidation, 
511 

effect on Chi bleaching, 487 
Isoelectric point of pigment-protein com- 
plexes, 374, 380, 386, 478 
Iso7nerization, of Chi, 403, 458 
energy, 217 

Isotopes. See also Radio- categories 
of oxygen, pai'ticipation in PS, 10, 55 

K 

Knallgas bacteria. Bee Hydrogen bacteria 
L 

Lactaldehyde and lactic acid, in bacterial 
PR, 108 

, as plant food, 261 
in plants, 249, 250, 251, 254 
Laminae, 361-367 
Leaves, ash, 194, 372, 376-379 
carotenoids, 413 


Chi, 407-409 
CO 2 absorption, 205 
cross section, 357 

dry and frozen, CO 2 absorption, 191-195 
dry, O 2 liberation, 61-62 
extracts and mash as catalysts, 62, 63, 
67, 259 

fractionation, 252-255 
yellow and white, CO 2 absorption, 193 
Lecithin in leaves, 375 
Leucophyll, 233, 404, 405, 457 
Light color effect, on Chi bleachiiag, 496 
on pigment formation, 430-431 
on PO, 531 

on water deficiency phenomena in PS, 
335 

Light field, effect on pigments, 403, 423 
Light injury, 529, 532 
Light intensity effect, on Chi bleaching, 487, 
489 

on Chl-sensitized reactions, 519 
on Hill’s reaction, 65 
on H 2 metabolism of algae, 142-143, 147 
on induction in algae, 146 
on inhibition of PS by poisons and 
deficiencies, 302, 303, 306, 309, 312, 
319, 333, 337-339, 341 
on PO, 531, 532 
on PS, 296-298, 526, 531-537 
Light saturation, of Plill’s reaction, 65 
of PR, 145 
of PS, 532, 535 

Light stimulation, of respiration, 627 
Lipides, association with pigments, 382, 
475-476, 537-538 
effect on Chi fluorescence, 392 
occurrence in chloroplasts, 365-367, 
391-394 

Lipochromes, 382 
Lipoids, in leaves, 375 
association with pigments, 382 
in chloroplasts and cytoplasm, 371-376 
in grana and stroma, 361 
protection of Chi, 503 
Long-lived active products, in Chi in mtro, 
483-486 
in vivo, 
in O 2 , 514 

Luminous bacteria, as reagents for O 2 , 62, 

100,327 

Luteol, 415, 416, 470-472, 474 
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M 

Magnesium, effect on Chi and PS, 337-338, 
383, 428, 440, 443, 448, 451, 461, 462, 
467 

loss by CM, 467, 493-494, 498 
as reductant for CO 2 , 79 
Malic acid, biosynthesis, 209 
conversion to carbohydrates, 265 
to citric acid, 269 

as intermediate in PS and R, 51, 224 
occurrence in plants, 250, 251, 262-269 
as plant food, 261 
PO, 267 

as reductant for bacteria, 108 
Maltose, 41 

Manganese, effect on PS and Chi, 338-339, 
429 

in leaves, 195 
Mannose, 39, 46 

Mechanical injury, effect on PS, 343-344 
Mercuric ions, inhibition of PS, 336 
Mesomerism of chlorophyll, 442-443 
Methane bacteria, 118-119, 120-122 
Methanol, Chl-catalyzed oxidation, 466, 
504,512 

conversion to starch, 261 
occurrence in plants, 249, 251 
Midday depression of PS, 331, 334 
MoUsch reaction (AgNOs reduction by 
chloroplasts), 254, 270-271, 360, 541 
Mohxides, as intermediates in PS and 
PO, 156, 292, 499, 508, 511 
Monocotyledons, absence of starch, 47 
pigments, 424 

Monolayers and multilayers of Chi, 394, 449 

Morphine, effect on PS, 321 

Motile bacteria, 100 

Myelin tubes in chloroplasts, 375-376 

N 

Narcotics, eEeot on formic acid synthesis, 
208 

on PS and R, 300, 320-324 
stimulation of PO, 526, 528-531 
Neutrons, effect on PS, 347 
Nitrate, deficiency effect, 337, 339, 425, 428 
as oxidant in CS, PR, and PS, 115, 116, 
131,539,540,541 

reduction by plants in dark, 538-539 
sensitized reduction, 87, 538-541 
Nitrifying bacteria, 112-llZ, 119 


Nitrite, formation from nitrate in plants 
539 

oxidation by bacteria, 112 
Nitrous gases, effect on plants, 317, 538 
Nonphotochemical processes in photosyn-‘ 
thesis, 150-158 
CO 2 fixation, 172-212 
reduction, 213-244 
O 2 liberation, 281-299 
Nonsulfur purple bacteria, 110, 131 
Nucleic acid in chloroplasts, 374 


Oceans, yield of PS, 5-8 
Oil as product of PS, 34, 43, 254, 357 
Oleic acid, effect on Chi fluorescence, 392 
PO, 508, 511 

Ombrophilic and ombrophobic plants, 403, 
409, 421, 422, 533, 535 
Ontogenetic adaptation, 419, 422, 424-427 
Optical activity, of Chi, 441 
Organic hydroperoxides and peroxides, 
energy, 291 

role in PS, 163, 286-293 
Organic matter, origin, 82, 83 
rate of production on earth, 36-37 
Osmotic pressure, effect on PS, 334-335 
Over-all reaction, of CS, 112-120 
of PR, 102-106 
of PS, 31, 34, 53, 156, 158-159 
Oxalacetic add, biosynthesis, 209 
decarboxylation, 185 
energy, 218 
role in R, 268 

Oxalic add, Chl-sensitized oxidation, 512 
energy, 184 

formation in plants, 269 
as intermediate in PS, 51 
occurrence in plants, 249, 262-263 
as plant food, 201 
PO in vitro, 267 

Oxidase, activation in algae, 135, 286 
Oxidation, of carotenoids, 473-475 
of CM, 456-466, 491, 503-505 
of Chi as primary process in PS, 552- 
553,554-557 ' 

Oxidation-reduction, as cause of Chi 
bleaching, 489-493 
CM-sensitized, 509, 512 
of CM and solvents, 485-486, 500-501 
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' of Chi with oxidants or reductants, 
503-505, 515-516, 517-518 
internal in Chi, 450-459 
Oxidation-reduction potential^ 53, 217-222 
of ascorbic acid, 272 
of carbonic acid, 75 
of ceric ions, 74 
of Chi, 295, 556-557 
of dyes, 76 

of excited molecules, 152 
of formic acid, 79 
of free radicals, 230-233 
of H 2 O 2 , 79, 283 
of intermediates in PS, 234 
of iron complexes, 240 
in leaves, 431 
ofOs, 79, 283 
of phosphate esters, 225 
of thionine, 152 
of water, 79 

^mychlorophyli;’ 295, 464-467, 556 
Oxygen^ acceptor complex, 325 
conversion of PS to PO, 531-532 
cycle on earth, 10 

deficiency, influence on PS, 326-328 
effect on CS, 139 

on Chi bleaching, 486-491, 498, 501 
on Chi fluorescence, 492, 547 
on greening, 429 
on nitrate reduction, 539 
inhibition of PS by excess, 329, 530 
isotopic composition and PS, 10, 54-56 
metastable, 150, 514-515 
origin in PS, 54 

origin in sulfate produced by bacteria, 

■ 113 

as oxidant in PS, 536, 538 
-oxygen bond weakness, 49, 214-215 
photochemical production by algae with 
substitute oxidants, 541-543 
potential, 283 

Oxygen-liberating enzymes in photosyn- 
thesis. See Deoxidase, Catalyst Be, 
Catalyst Bo 

Oxygen liberation, absence in bacteria, 100 
in artificial PS, 92, .,93 
in deacidification of, succulents, 265; ' 

• of distilled water, 200 , 
by first light flash, 133, 327 : / ; 
by leaf powders and single chloropiasts, 
6'2-67 ' 


by nitrate reducing plants, 539 
as nonlimiting reaction in PS, 285-286 
in PS, 173, 281-299 
role of carotenoids, 474--475 
Oxygen pressure effect, on Chi bleaching, 
499 

on Chl-sensitized oxidation, 513 ' 
on PO, 502-503, 523, 526-527, 530-536 
on PS, 328-330, 530-531 
on E, 527, 530-531 
Oxygen uptake, by adapted algae, 139 
by bacteria, 110, 114 
by Chi, 293, 455, 460-461, 492, 498-499, 
520 

by Chl-sensitized PO, 508-511 
by grana, 503 

Oxyhydrogen reaction, in algae, 129, 132, 
134, 138-142 
in bacteria, 116, 118 
Chl-sensitized, 512 
effect of HCN, 310 
H 2 O 2 as intermediate, 286 

, P 

Palisade tissue, 357 
Pentose and pentosans, 38, 43, 49 
Peracids, energy, 291 
Percarhonic add, 79 
in PS, 288-289 

Performaldehyde and performic acid in PS, 
287-288 

Peroxidase, 281, 380, 431 
Peroxides. See also Amine peroxides, 
Catalyst peroxides, Hydrogen peroxide, 
Organic peroxides, Percarhonic acid, 
Performaldehyde 

decomposition as nonphotochemical re- 
action in PS, 172 
formation in Chi bleaching, 495 
in dead tissues, 63 

as intermediates in oxyhydrogen reac- 
tion, 140 

in PO, 293, 499, 508, 511 
in PS, 48, 156 

monomolecular and mono-acid bimo- 
lecular decomposition, 80 
reversible formation, 291-293 
pH effect, on anaerobic inhibition, 327 
on Chi monolayers, 449, 450 
on CO 2 solubility, 173-179 
on fermentation, 137 
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oe HCN solutions, 301 
on PS, 198, 339-340 
on redox potentials, 220 
Phase test, 457, 459, 465, 492-493 
PhenantroUne, effect on adapted algae, 
135,314,319-320 
Phenols, as Chi protectors, 501 
conversion to starch, 261 
energy, 185 

Phenylhydrazine, photochemical reactions, 
504-505,509,512 
Pheophosphide, 447, 458, 462 
Pheophyceae. See Bjvwn algae 
Pheophytin, 447, 452, 453, 454, 456, 467, 
493-494, 498 
Phorbins, 447 

Phosphate bond, energy, 115 
role in CS, PS, and R, 225, 227-229 
Phosphates as CO 2 absorbers in leaves, 
190-195 

Phosphatidic acid in leaves, 374-375 
PhosphoUpides in leaves, 374-376, 393 
Phosphorescence, 485 
use for O 2 detection, 327 
Phosphorus, deficiency effect on PS, 339 
in plants, 228, 374, 376-377 
Phosphorylation, coupled with carboxyla- 
tion, 115, 201 
with CS, 114, 229 
with PS, 150, 226-229 
with R, 222-226 
Photautotrophic bacteria, 99, 101 
Photautoxidation, 70, 72 
in vivo, 526-538 

Photocatalysis, 161-162, 507 
Photochemical reactions, of adapted algae, 
142-148 

of carotenoids and phycobilins, 521-522 
of Chi, 483-524 
of pigments, in vivo, 526-560 
Photodismutation, 485-486 
Photodynamic reactions, 56, 76, 317, 507- 
510,520 

Photogalvanic and photovoltaic effect, 76 
Photoheterotropic bacteria, 101, 106-111 
Photoreduction, 101 

by adapted algae and bacteria, 111, 129, 
136, 146-148, 169-170 
of Chi, 458, 505, 651, 553 
effect on poisons, 310, 314, 316-317, 
319-320 


primary process in PS, 161, 551, 553 
in succulents, 34 

Photorespiration, 527, 567, 569-570 
Photostationary state, 10, 71, 72, 82 486- 
493 

Photosynthesis, analogy to CS, 234-235 
artificial (achievement?), 86-87, 93 
(definition), 84 

bacterial (= photoreduction), 148 
complete and partial, 61 
effect of chemical inhibitors and stimu- 
lants, 300-344 

of poisons and narcotics, 300-325 
of various physical agents, 344-347 
from acids in succulents, 265-266 
from CO 2 and H 2 in algae, 129 
interaction with R, 562-566 
by leaf powders and single chioroplasts, 
61-67 

of N compounds, 87, 88 
net, 31 
normal, 32 

relation to R, 309, 561-570 
residual, in presence of HCN, 302-304, 
308-309 

schemes, 136, 144, 153, 157, 159, 160, 
162, 165, 235, 239, 552 
true, 32 

with substitute oxidants, 541-543 
substitute reductants, 99-148 
Photosynthesis, inhibition, 300-325 
by alkali, 340 
by alkaloids, 321 
by anions, 341-342 
by azide, 318 
by chloride, 341-342 
by chloroform, 320-321 
by CO, 316-317 
by Co++ and Cu++ 336, 340 
by cyanide, 301-311, 340-341 
by dinitrophenol, 319 
by ethanol and ether, 320-321 
by excess carboh^^drates, 331-333 
by excess CO 2 , 330-331 
by excess light, 532-536 
by excess osmotic pressure, 341 
by excess O 2 , 328-330, 531 
by heavy metals, 340-342 
by Hg++ 336, 341 
by H 2 O 2 , 286, 318 
by HaS, 315-316 
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by injury, 343-344 
by iodide, 341-342 
by iodoacetyl, 318-319 . 
by ions, 335-342 
by K deficiency, 336-337 
by Mg deficiency, 337-338 
by Mn deficiency, 338-339 
by Na+ 340 
by narcotics, 320-324 
by NH 4 +, 340 
by NH 2 OH, 311-315 
by Ni++ 340-341 
by nitrate deficiency, 339 
by photoxidation, 526 
by physical agents, 344-347 
by SO 2 , 317-318 
by thiourea, 320 
by thymol, 320-321 
by urethans, 321-324 
by Zn++ 341 

Photosynthesis y interpretation, by v. Baeyer, 
48,51 

by Baly, 87, 554 
by Conant, 553 

as decomposition of CO2, H2O or H2CO3, 
51-53 

by Dixon and Ball, 554 
energy dismutation hypothesis, 233-235 
by Franck and Herzfeld, 162-164, 287- 
290, 545, 650, 555 
as intermolecular H transfer, 53 
by Liebig, 35, 51 
as oxidation-reduction, 51-56 
by Rabinowitch, 164-166, 233-235 
by Ruben, 150, 201, 226-227 
by Stoll, 555 

by Thunberg and Weigert, 79, 552 
as topochemical reaction, 152 
as two-stage process, 123-124 
by Van Niel, 53, 73, 105, 155-157 
by Weiss, 240 
by Wilistatter, 553 
by Wilistatter and Stoll, 52, 287-288 

Photosynthesis, stimulation, by acids, 340 
by ascorbic acid, 273 
by carbohydrates, 332-333 
by chemicals,. 342-344 
by cyanide, 303, 304 
by injury, 343-344 
by ions, 335-342 
by narcotics, 321 


by physical agent, 344-347 
by SO 2 and nitrous gases, 317 
Pkotosynthetic quotient, 21, 31, 34, 35 
of adapted algae, 140 
of bacteria, 103, 107, 108, 109 
Fhoiotaxis, 557 

of bacteria, 99 

Photoxidation, of Chi, 495, 498-601, 537- 
538, 551-553, 554-557 
inhibiting effect on PS, 526, 532 
of plant acids, 267 
in poisoned plants, 317 
primary photoprocess, 527-528, 543-544 
as primary process in PS, 161 
relation to R, 527, 530-531, 563-566 
stimulation by excess O 2 and light, 531, 
563 

in succulents, 34, 265-266 
Phthiocol, effect on algae, 314, 319-320 
Phycobilins (phycocyanin and phyco- 
erythrin), 417-419, 476-479 
role in PS, 426, 479, 522, 557-558 
Phycocyanobilin and phycoerythroMUn, 477 
isoelectric points, 478 
Phyllins, 447 

Phylogenetic adaptation of pigments^ 419- 

424,532 
Phytin, 40 
Phytins, 447 

Phytol, 439, 448, 449, 471-472 
uptake of CO 2 , 180 
Pickup of CO 2 , 203, 206-208 
Pigments, 399-437 
accessory, 470-489 

association -with proteins and lipoids, 
382-384 

content in algae, 418 
in chloroplasts, 369, 382-394 
in grana, 361-362 
extraction, 383 

influence of external factors, 419*-432 
polarity gradation, 382 
Plankton, photosynthesis, 6 
Plasmolysis, effect on PS, 334-335 
Polymerization of carbohydraUs, catalyzed 
by ascorbic acid, 273 
energy, 217 

sensitized by Chi 5?, 150 
Porphin, 445-446 
protein complexes, 384 


596 


SUBJECT INDEX 


Porphyrimf 446, 457, 478 
monolayers, 394 

PotassiuMj deficiency effects, 336-337, 
339, 428 ' 

in chioroplasts, 376-377 
Primary photochemical process, in carbon- 
ate solutions, 81 
in Chi solutions, 483-484 
common to all Chl-sensitized reactions 
in vim, 543-544 
in dyestuff solutions, 77 
in ionic solutions, 75 
in Hg-H20 mixture, 72 
in PO, 527-528, 543-544 
in PR, 168-170 
in water, 71 

in Zn0-H20 mixture, 73 
Primary photochemical process in photo- 
synthesis, 136, 142, 150-171, 451 
decomposition of H 2 O, 155 
dehydrogenation of an organic hydroxy 
compound, 290 

electron transfer from Chi to H 2 O, 552 
H exchange between intermediates, 
159-160 

H — OH exchange, 151 
most likely, 166-168 
oxidation of Chi, 552-553, 554-557 
of water, 155-157 

of H 2 O and reduction of CO 2 , 161-163 
phosphorylation, 150 
reduction of CG 2 , 157-159 
two such processes, 160-164 
Products of photosynthesis, 38-46 
Propionate, as plant food, 261 
Propionic acid bacteria, fixation of CO 2 , 209 
Protective coUoids, effect on Chi, 502 
Protein-chlorophyll, suspensions, solutions, 
and precipitates, 384-387, 38^ 394, 502. 
See also Chloroplastin, Chloroglohin 
Proteins, association with pigments, 382- 
384, 388, 417, 475, 479, 502 
in chioroplasts and cytoplasm, 371-376 
in grana and stroma, 361 
protection by Chi, 383 
protection of Chi, 502-503 
sensitivity to dinitrophenol, 319 
Protochlorophyll, 404-405, 431, 445, 457, 
463 

Protoplasma, role in PS, 333, 342, 344, 355 
Purple sulfur bacteria, 4:, 99, 101-103, 124 


analysis, 109, 110 
dark metabolism, 110-111' 
pigments, 402, 416-417, 473 
PR, 102-112 
R, 100, no, 564 
Purpurea leaves, 401, 480 
Pyrenoids, 43, 356, 359 
Pyrrole, 440 

effect on Chi synthesis, 428-429 
Pyruvic acid, as plant food, 266 
decarboxylation, 185 
energy, 184, 218 
role in R, 223, 224 
sensitized PO, 508-511 

Q 

Quantum yield, of Chi bleaching, 485-488, 
496-497 

of Chl-sensitized reactions, 509, 512- 
514,518-520,546-547 
of PR in algae, 169, 314-315 
of PS, 154, 160, 228-229 
of water oxidation by ceric ions, 74 
Quenching of Chi fluorescence, 167, 483, 
490 

Quercetin, 185, 480 
Quinine, effect on PS, 321 
as sensitizer, 78 
Quinones f 221-222 
peroxides, 292-293 
reaction with Chi, 461 

R 

Radicals. See Free radicals 
Radioactive rays, effect on PS, 337, 346-347 
Radiocarbon, exchange wdth CM, 557 
as indicator, in bacterial metabolism, 
122, 207 

in decarboxylation, 185-186, 201 
■ in PS, 37, 202-203, 241-244 
Radiohydrogen. See Tritium 
Radiomagnesium, exchange with Chi, 555 
Radiooxygen, as indicator in PS, 54-55 
Red algae, absence of Chi h, 405 
habitat, 420 

pigments, 402, 410,: 413, 417 - 419 : ; 
Respiration, correction 32, 561 
cycles, 222-224, 268 
effect of Hght, 527, 566-570 
function of O 2 pressure, 530 
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as.H transfer, 52 

inhibition, 301-306, 308, 311, 315, 316, 
318-319, 320-324, 569-570 
interaction with PS and PO, 332, 527, 
530-531, 562-566 
in purple bacteria, 100, 110-111 
role of acids, 267-269 
of carotenoids, 475, 557 
of phosphorylation, 222-226 
stimulation, 301, 304, 316 
Resfiratcrry quotient, 32, 34, 109, 266 
Reversible bleaching. See Chlorophyll 
bleaching, reversible 

Reversible oxidation of chlorophyll. See 
Chlorophyll oxidation, reversible 
Reversible oxidation reduction systems, 221, 
231-232 

Reversible peroxide formation. See Per- 
oxide, reversible 

Reversible reduction of chlorophyll. See 
Chlorophyll reduction, reversible 
Rhodamine, as sensitizer, 78, 92 
as stain, 361, 367 
Rhodins, 447 

Rhodoceae. See Red algae 
Rhodopin, rhodopurpurin, rhodovibrin, 
rhodoviolascin, 416, 473 
Rubidium, as K substitute, 337 , 428 
Ruhrene, peroxide, 292 
PO, 511 

S 

Salt effects, 179, 336, 465, 506 
Salting-out, of chloroplastic matter, 369- 
371 

of Chi, coacervates, 392 
of CO 2 , 179 

Salt-water algae, dependency of PS on 
salinity, 336 ■ 

Saturation of photosynthesis, with CO 2 , 196 
with light, 532, 535 
Selenium, in bacterial metabolism, 101 
Self -quenching, of Chi fluorescence, 484, 
489,518,519 
Semiquinon€s,2Sl-2Z^ 

Sensitization, by carotenoids, 522 
by Chi, 507-522, 543,; 557 
of Chi fluorescence, 515 
in a complex, 520-521 
direct and indirect, 483 
by kinetic encounters, 514-520 


relation to fluorescence, 483-484, 546- 
548 

Separations mdhods, of chloroplastic mat- 
ter and cytoplasm, 368-371 
of pigments, 399-400 
Shade plants. See Onibrophilic plants 
Silent discharges, effect on CO 2 , 83 
Silver nitrate reduction, by ascorbic acid, 
272 

by chloroplasts. See Molisch reaction 
Smoke gases, effect on vegetation, 538 
Sodium, effect on PS, 340 
in leaves, 377 
Solarization, in PS, 532 
Solvents, function in Chi allomerization, 
461-462 

in Chi bleaching, 491-492, 500 
protective effect on Ghl, 501 
reaction with Chi as step in sensitiza- 
tion, 516 

with Chi* as cause of weak fluores- 
cence, 405-486 

Sorption, isothermals of Chi for CO 2 , 452 
Spongy parenchyma, 357 
Stabilizalion of intermediates, role in PS, 
161, 172 

Standard bond energies, 213-215, 217, 283, 
484 

Starch, dissolution in intense light, 532 
energy, 49 

equilibrium with sugars in guard cells, 334 
food for flagellates, 261 
formation in ultraviolet light, 344 
formation sensitized by Chi b, 406, 
423-424 

grains in chloroplasts, 33 
maximum accumulation, 46 
occurrence in plants, 43, 47 
as product of PS, 37, 42, 86, 87 
production in plants from organic foods, 
257-263 
structure, 42 
Sterols, in leaves, 375 

Stimulation. See Fhotoxidaiion, PMo-.. 

synthesis, Respiration 
StoTnaia, closure mechanism and role in 
PS, 331, 334, 532 

Stroma, of chloroplasts, 358, 361, 362, 

369-370 

Substitute reductants and oxiMs in photo- 
synthesis, 67, 124, 538, 541-543 


598 


SUBJECT INDEX 


Succinate^ biosynthesis, 209 
content in plants, 250, 251, 263 
energy, 218 
as food, 261, 263 
intermediate in PS, 51 
in R, 224, 268 

oxidation coupled with phosphorylation, 
226 

PO, 267 

Succulents, acid metabolism, 264-267 
PS quotient, 34 
Sucrose, 41-42 
energy, 49 

first product of PS, 37, 44-46 
influence on PS, 334-335, 341 
uptake of CO2, 180 
Sulfate, assay in leaves, 377 
production by bacteria, 102, 113 , 115 
Sulfite, effect on PS, 317 
in PR, 103 

Sulfur, in CS, 113-115 
in chloropiast proteins, 374 
in PR, 102 

Sulfur bacteria, colorlovss, 100, 101 , 112 , 
113-116 

green and purple, 99, 101, 102-106 
Sulfur dioxide, effect on plants, 317 , 318 , 
378 

on PS, 318,342 

Sunlight, intensity distribution, 427 
Sun plants. See Heliophilic plants 
Sunstroke of shade plants, 533, 536 

T 

Tartrates, 250, 251 
as food, 261, 266 
as intermediates, 51 

Temperature effect, in CO2 inhibition of PS, 
331 

inCS,117 

in H adaptation, 130 
in Hill’s reaction, 66 
' in PS, 172,' 296 
Tetrahydroporphins-, 445 
Tetrathionate, as product of PR and CS, 
. 104,;115 

effect on plants, 318 
as reductant in CS, 116 
Thionine, potential, 77 
reaction with ascorbic acid, 272 


reduction by Fe++ in light, 77, 151, 159 
486, 517 

as sensitizer, 517 

TUorhodaceae. See Purple sulfur bacteria 
Thiosinamine. See Allylthiourea 
Thiosulfate, in CS, 115, 116 
as reductant in PR, 103, 104 
Thunderstorm, effect on PS, 321 
Toluene as reductant in CS, 118 
Topochemical mechanism of FB, 152 
Transpiration energy, 9 
Trioses as intermediates in PS, 240 
Tritium, PS with T2O, 298, 557 

U 

Ultraviolet specific photochemical 

effects, 71, 81, 272, 344-346, 430, 501, 
532, 537, 564 

Uranium compounds, effect on greening, 
429 

as sensitizers, 78, 84, 85 
Ureihan inhibition, of catalase, 284 
of C*02 uptake in light, 242 
of CS, 113 
of HilFs reaction, 66 
of hydrogen bacteria, 117 
of nitrate reduction, 539-540 
of O2 uptake by grana, 503 
of PS and R, 284, 300, 321-324 
Urethan stimulation, of PO, 528, 538 
of PS, 342 

V 

Valerate as food, 261 
Violaxanthol in plants, 415, 416 
Viologens, 233, 457 

Visual purple, photochemistry, 521-522 
Vitamins, A, 471 
C. See Ascorbic acid 
K, 314 

Volatile components of leaves, 252-255 
W 

Water, deficiency. See Dehydration 
effect on greening, 429 
energy, 283 

interaction- with Chi, 450-451 
participation, in photosynthesis, 23, 57^ 
153, 289 

in photovoltaic and photogalvanic 
effect, 76 

spectrum and primary photoprocess, 71 


SUBJECT INDEX 


am 


Water decomposition, as primary photo- 
process in PS and PR, 155-157, 
168-169, 451 
sensitized, 71-74, 76, 78 
in ultraviolet light, 71 
Water oxidation, as dark reaction in PS, 
158, 163 

photochemical, 69-78, 543 
as primary photoprocess in PS and PR, 
155-157, 161, 168 

Water reduction, photochemical, 81, 272 

Waxes in leaves, 375 

Wound hormones, effect on PS, 343 


X 

X-rays, effect on Chi, 403 
on CO 2 , 83 

Y 

Yellow dyes, reaction with Chi, 505 
Yellow leaves, pigments, 401 

Z 

Zeaxanthol, 414, 415, 472 
Zinc compounds, effect on PS, 341 
sensitization of II 2 O decomposition, 72, 
78 


